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FOREWORD 


The  Aircraft  Fuel  Tank  Inerting  Progran  was  conductea  by  AiResearch 
Manufacturing  Company,  a  division  of  The  Garrett  Corporation,  under  USAF 
Contract  No.  F336 1 5-70-C - 1 492,  This  work  was  sponsored  and  administered 
under  the  direction  of  the  Aero  Propulsion  Laboratory  under  Air  Force 
Project  3048,  Task  304807.  Mr.  Steven  0.,  Shook,  AFAPL/SFH,  was  the  Project 
Engineer  for  the  Air  Force. 

The  work  was  conducted  ron  I  April  1970  th.'ough  31  October  1970. 
MacKenzie  L.  Hamilton  was  responsible  for  the  program  at  AiResearch.  Major 
contributions  were  made  by  Charles  F.  Albright,  Colin  F.  McDonald,  James  C. 
Noe,  and  Te  Fung  Yeh. 

This  report  v;as  submitted  on  6  November  1970  under  AiResearch  Report 
No.  70-6926.  Volume  I  contains  the  bulk  of  the  report  and  Volume  II  ,, SECRET 
contains  inerting  system  specifications  for  the  B-l  and  a  tactical  fighter- 
type  aircraft  TFA  . 

Volume  II  of  this  report  contains  classified  information  extracted 
from  data  obtained  by  Mr.  Shook  and  transmitted  to  AiResearch.  The  data 
transmittals  are  70AP-356  .  U  Typical  Bomber  Flight  Profile  and  System 
Performance  for  the  Study  and  Design  of  a  Catalytic  Inerting  System', 
70ASX-580  ',U  TFA  Performance  Data  for  Co.ntract  F336I5-70-C-I492' ,  and 

AFAPL"APFH'' - 1  1 2  'U  Additional  Performance  Data  on  the  TFA  Aircraft, 
etc  . 

This  technical  report  has  been  reviev/ed  and  is  approved. 


Benito  Botteri 

Chief,  Fire  Protection  Branch 
Fuels  and  Lubrication  Division 
Air  Force  Aero  Propulsion  Laboratory 


ABSTRACT 


The  Aircraft  Fuel  Tank  Inerting  Program  has  compared  inerting  system 
concepts  and  performed  a  preliminary  design  of  the  preferred  ineiL  gas 
generator  IGG  system  for  the  B-l  aircrcft.  Inerting  system  specifications 
have  been  developed  for  the  B-l  and  a  tactical  fighter-type  aircraft  TFA  . 
The  preliminary  design  activity  has  been  supported  by  catalyst  and  catalytic 
reactor  laboratory  testing.  With  the  exception  of  the  catalytic  reactor, 
the  inerting  system  components  are  state  of  the  art  and  similar  in  design 
and  function  to  aircraft  environmental  control  system  ,ECS;  components.  The 
program  compared  the  IGG  inerting  concept  with  the  liquid  nitrogen  inerting 
method  of  providing  inert  gas  to  the  fuel  tanks.  The  IGG  concept  appears 
to  offer  both  weight  and  operational  advantages  by  eliminating  the  require¬ 
ment  for  supply  of  cryogenic  nitrogen).  It  uses  aircraft  engine  fuel  and 
bleed  air  as  the  inert  gas  source  by  catalytic  reaction  to  remove  the  oxygen 
from  the  bleed  air.  Ram  air  and  fuel  are  used  as  heat  sinks  for  inert  gas 
cooling  and  moisture  removal-.-  Low  temperature  moisture  removal  is  provided 
by  a  cooling  turbine  similar  to  those  used  for  aircraft  environmental 
control)  to  reduce  the  moisture  content  to  levels  below  those  obtained  in 
service  with  fuel  tanks  vented  to  ambience. 


Each  transmittal  of  this  ABSTRACT  outside  the  Department  of  Defense  must 
have  prior  approval  of  the  Air  Force  Aero  Propulsion  Laboratory  )AFAPL/SFH" 
Wright  Patterson  AFB,  Ohio  45433. 
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SECTION  I 


INTr.ODUCTION  AND  SUMMARY 


GENERAL 

» 

This  report  presents  the  findings  of  the  Aircraft  Fuel  Tank  Inerting 
Program  performed  by  AiResearch  under  Contract  F336I5-70-C-I492  for  the 
Air  Force  Aero  Propulsion  Laboratory,  Wright-Patterson  Air  Force  Base,  Dayton, 
Ohio.  The  major  study  objectives  are  the  following: 

•  Develop  fuel  tank  inerting  system  specifications  for  a  tactical 
fighter-type  aircraft  'TFA)  and  B-1  aircraft 

•  Synthesize  a  number  of  candidate  systems  that  use  a  catalytic  reactor 
as  the  inerting  gas  sburce  and  compare  them  with  a  baseline  concept 
using  liquid  nitrogen  as  the  inert  gas  source 

•  Perform  preliminary  design  of  the  reactor  system  concept  best 
j  ‘Satisfying  the  specific  B-l  performance  requirements 

•  Establish  state  of  the  art  in  the  recommended .desi gn  concepts  and 
suggest  future  technology  improvements 

Scope  of  Study 


This  study  was  approximately  six  months  in  duration  and  represents  a 
1.5  man-year  effort.  In  addition  to  performing  the  activities  required  to 
accomplish  the  above  objectives,  the  study  has  also  devoted  considerable 
effort  to  testing  of  candidate  catalysts  and  determination  of  catalytic  reactor 
heat  transfer  data.  This  testing  was  necessary  to  provide  data  for  pre-  . 

?..^5jj_m inary  design  of  the  selected  inerting  system. 

ThfeiAtudy  activities  are  presentect  as  foTiows  in  this  repoVt: 


Section  II  Comparison  anc 


:ion  of  Irrerting  Concepts 


Section  III  Baseline  Liquid  Nitrogen  Inerting  System  Preliminary 
Design 


Section  IV  Inert  Gas  Generator  Inerting  System  Pre 1 i mi  nary  Design 
Section  V  Catalyst  and  Catalytic  Reactor  Testing 
Appendix  A  ^-SPCRET)  B-l  Inerting  System  Specification 
Appendix  B  (SECRET)  TFA  Inerting  System  Specification 


I 


System  Performance  Requirements 


The  primary  performance  requirements  for  the  Inerting  systems  are  shown 
in  Table  I.  The  system  flow  rates  are  established  by  the  aircraft  fuel  tank 
volumes  and  maximum  normal  descent  and  emergency  descent  capabilities.  In 
the  case  of  the  TFA  aircraft,  the  normal  descent  and  emergency  descent  capa¬ 
bilities  are  identical  since  this  aircraft  Is  designed  for  rapid  inflight 
combat  maneuvers.  / 


Both  the  allowable  oxygen  content  and  moisture  conter/t  have  a  significant 
effect  on  the  overall  system  weight  and  configuration.  T^he  oxygen  content 
was  selected  to  maintain  the  fuel  tank  ullage  space  atN^^s  than  9-percent 
oxygen  by  volume.  An  oxygen  content  of  less  than  about  ll^^to  12  percent  in 
the  tanks  is  essential  if  inerting  is  to  be  accomplished.  A  nominal  maximum 
inerting  system  gas  oxygen  content  of  about  5  percent  is  required  if  the  inert 
inflow  during  initial  aircraft  climb  (when  dissolved  oxygen  evolves  from  the 
fuel)  is  to  be  less  than  the  flows  required  during  aircraft  descent.  Similarly, 
the  inoisture  content  was  selected  to  provide  a  maximum  gas  moisture  content 
approximately  equivalent  to  that  obtained  on  the  ground  on  a  hot,  humid  day. 
Additionally,  the  integrated  mission  average  design  objective  of  25  grains 
water/lb  of  Inert  gas  was'  selected  since  this  value  is  somewhat  below  the 
average  moisture  content  resulting  from  descent  to  sea  level  on  a  hot,  humid 
day  with  fuel  tanks  rented Jt.o__ambience. 


SUMMARY  OF  RESULTS 


Inerting  System  Specifications 

Specifications  for  inerting  systems  for  the  B-l  and  TFA  aircraft  are 
presented  as  Appendixes  A  and/B  of  this  report.  These  appendixes  are  bound 
separately  to  meet  classification  requirements.  They  detail  the  system 
operational  functions  dur-Tng  each  aircraft  flight  mode  and  establish  the 
performance  requirements  summarized  in  Table  I. 

Synthesis/Evaluation  of  Candidate  Inerting  System  Concepts 

Figure  I  shows  the  three  functional  elements  of  an  inerting  system  and 
the  concepts  evaluated.  The  evaluative  studies  are  presenteo  in  Section  II 
of  this  report.  These  studies  show  that  it  is  possibl-e  to  provide  a  low 
moisture  content  in  the  inert  flow  to  the  fuel  tanks  without  resorting  to  the 
supplemental  moisture  removal  concepts  such  as  desiccant  beds  and  water 
separators.  Furthermore,  the  air-cycle  refrigeration  techniques  conventionally 
used  on  both  commercial  and  military  aircraft  are  the  optimum  cool ing/rroi sture 
removal  techniques  ^or~TfTe“inerting  application  as  well. 


The  simple  air-cycle  refrigeration  system  shows  a  slight  overall  advantage 
over  the  bootstrap  air-cycle  systems.  This  evaluation  is  based  on  a  comparison 
process  that  assigns  weighting  factors  to  the  relative  ratings  for  each 
candidate  concept's  weight,  performance,  reliability,  maintainability,  and 
cost.  The  bootstrap  cycle,  however,  potentially  can  provide  a  lower  moisture 
content  than  can  the  simple  cycle  system.  Thus,  for  applications  requiring 


TABLE  I 


INERTING  SYSTEM  DESIGN  OBJECTIVES 


Parameter 

Value 

Basis  for  Selection 

Flow  rate 

•  B-l  67  Ib/min  maximum 

rormal  inflow 

200  Ib/min  maximum 
during  emergency 
descent 

•  TFA:  20  Ib/min  maximum 

nornidi  inflow 

•  Aircraft  with  empty 
fuel  tanks  at  maximum 
descent  ratd  at  sea 
level 

G<is  oxygen  content 

•  2.5  percent  volume  oxygen 
nominal, 5  percent  volume 
oxygen  maximum  normal 

•  7.5  to  10  percent  volume 
oxygen  during  B*l 
emergency  descent 

•  Avoid  ever  operating 
fuel-rich  since  fu“l 
carryover  would  degrade 
heat  transfer  and 

cool ing  equipment 

•  Provide  low  enough 
oxygen  content  to  main¬ 
tain  tanks  inert 
during  initial  air- 
climb  when  oxygen 
evolves  from  fuel 

Gas  te"iperatur<; 

•  32° to  200° F  normal 

ope rat  ion 

•  Avoid  freezing  at  alt 
locations  within  system 

•  32°  to  325°F  during 

e”crge!ic.y  descent 

•  Minimise  heat  input 
to  fuel 

Gas  moisture  content 

•  80  grains/water  lb  inert 
maximum  normal  inflow 

•  25  grains  water/lb  inert 
•laxi.mum  Integrated 
mission  average 

•'  '  Irttroduce  less  water 
into  fuel  tanks  than 
would  occur  with  unpres¬ 
surized  tanks  vented 
to  ambience 

GAS  SOURCE 


GAS  COOLING 


supplemental 


ENGINE] 


AIR 


f -  - \ 

f -  - \ 

f —  ■  - 

•  CATALYTIC  REACTION 

•  EXPENDABLE  EVAPORANTS 
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Figure  1-  Inerting  Process  Functional  Block.  Diagram 
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an  extremely  low  moisture  content  (it  should  be  note<^hat  the  se'scted  system 
concept  provides  an  integrated  output  moisture  cont^t  of  only  5  grains 
water/lb  inert),  the  bootstrap  configuration  might  be  preferable. 

Baseline  Liquid  Nitrogen  Inerting  System  Preliminary  Design 

The  liquid  nitrogen  inerting  system  has  been  used  as  the  baseline 
against  which  the  inert  gas  generator  systelht  was  compared.  Almost  all  of  the 
liquid  nitrogen  inerting  system  weight  is  dependent  upon  the  total  quantity 
of  inert  gas  to  be  deliverecf  to  the  fuel  tanks.  For  the  B“l>  the  analyses 
in  Appendix  A  and  those  presented  in  Section  III,  indicate  that  450  to.  900  lb 
of  liquid  nitrogen  will  be  required.  The  900-lb  quantity  assumes  that  only 
pure  nitrogen  is  input  to  the  tanks  and  that  the  fuel  is  loaded  into  the  tanks 
in  bulk  form.  The  450-lb  quantity  assumes  that  bleed  air  is  mixed  with  the 
nitrogen  to  provide  the  inert  flow  to  the  tanks  and  that  the  fuel  is  loaded 
into  the  tanks  by  spraying  it  into  the  inert  atmosphere. 

The  total  fixed  weight  of  the  liquid  nitrogen  inerting  system  (exclusive 
of  distribution  lines  and  valving  on  the  fuel  tanks)  .will  be  no  more  than 
11  percent  of  the  deliverable  quantity  of  liquid  nitrogen. 

Inert  Gas  Generator  Inerting  System  Preliminary  Design 

I •  System  Description 

Figure  2  shows  a  simplified-schematic  of  the  inerting  system  concept 
selected  for  preliminary  design.  This  concept  uses  a  ram  air  cooled  catalytic 
reactor  as  the  inert  gas  source.  Gas  cooling  and  mo i stu re’  removal  Is 
accomplished  by  a  simple  air  cycle  refrigeration  system.  The  hot  inert  flow 
from  the  catalytic  reactor  is  cooled  in  an  Inert/ram  air  precooler  and  can 
be  additionally  cooled  in  the  inert/fuel  precooler  during  high  speed  flight 
when  ram  air  aj<'ne  does  not  provide  adequate  cooling.  After  this  preliminary 
cooling  process,  the  Inc'rt  flow  passes  through  a  regenerator  that  uses  the 
cold  inert  discharged  from  t he  cool ing  turbine  as  its  heat  sink.  From  the 
regenerator,  the  inert  expands  across  the  turbine  and  passes  through  the 
regenerator  prior  to  being  distributed  into  the  fuel  tanks.  The  regenerator 
performance  is  enhanced  by  using  a  jet  pump  on  the  turbine  discharge  flow  to 
recirculate  a  portion  of  the  inert  gas.  This  Increases  the  cold-side  mass 
flow  in  the  regenerator,  Improving  its  overall  performance  and  eliminating 
the  possibility  of  freezing  at  the  turbine  discharge.  Without  this  recircula¬ 
tion  loop,  the  temperature  of  the  inert  flowing  into  the  cold  side  of  the 
regenerator  would  be  well  below  0°F. 

2.  System  Performance 

Table  2  summarizes  the  system  performance  data  presented  in  Section  III. 
The  system  meets  or  exceeds  the  intent  of  all  design  objectives  listed  in 
Table  I.  In  comparison  to  the  liquid  nitrogen  Inerting  system,  the  inert  gas 
generator  shows  a  potential  weight  advantage,  and  it  has  decided  operational 
advantages.  The  IGG  system  requires  none  of  the  ground  servicing  equipment 
essential  to  operation  of  the  liquid  nitrogen  inerting  system.  Additionally, 
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TABLE  2 

INERT  GAS  GENERATOR  SYSTEM  PERFORMANCE  SUMMARY 


f  loi«  Mte 

No«‘(^i  fiiqht  opefAtionS 
£r’ic**’q«ncy  d«ic«nt 
Inert  C^s  Properties 

Nor-^l  Output  omy^n  content 
I  vrqency  descent  gas  oxygen  content 
*4orr^l  get  tenpereture 
i  ergency  descent  9«s  lervcrAture 
tl«gnt  -^isture  content 

fypiCAl  inte'irdted  -isslo"  "^isturi* 

furl,^  R^i '  Air,  jn<j  Bircd  Air  Usdge 
Cetalyttc  r^r^ttor  f.,el  flow 
Bleed  '  ‘  !i>. 


6  to  ty  ib/xiifl 

6  to  ?00  lo/filn 

*2.5  perier\t 
I  t>  5  percent 
69*  to  i5e*f 


See  figures  59  to  65  of 
Sec  1 1  on  I U 

S  gr/16  ‘nert  gcni,rA'.«d 
8  tu  12  gr/lb  inert 
input  to  fuel  t«n».s 


0.0S95  tb  fuel/ lb  bleed  »U 

1.025  to  1.044  lb  bleed 
••r^lb  inert  Output* 
depending  upon  e^^ient 
rtu-idity 

4.9  to  6  2  »b  re-  eir/lfc 

ble**d  air,  deperdmg  uion 
aircraft  flight  Speed  and 
attitude*  and  upon  ai**biciit— - 
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98  lb 
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1 
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Total  weight 
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_ 
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F I  ~)ure  2.  Selected  Inert  Gas  Generator  Simplified  Schematic 


the  IGG  system  can  provide  an  unlimited  quantity  of  inert  gas,  being  limited 
only  by  the  availability  of  aircraft  fuel  and  bleed  air.  Thus,  the  IGG 
concept  becomes  particularly  attractive  for  an  aircraft  that  may  remain 
airborne  for  extended  periods  or  that  may  operate  from  widely-separated  or 
disper^d  bases. 


Catalyst  and  Catalytic  Reactor  Testinc 


Section  V  of  this  report  presents  the  test  data  obtained  on  candidate 
catalysts  for  the  catalytic  reactor.  Additionally,  it  presents  heat  transfer 
data  that  may  be  used  to  size  the  reactor.  Figure  3  shows  a  photograph  of 
the  catalytic  reactor  test  unit.  It  Is  constructed  of  stainless  steel  tubing 
with  provisions  for  air  to  be  blown  across  the  tubes  to  provide  cooling. 

The  high  pressure  air  end  fuel  are  mixed  in  a  chamber  upstream  of  the  reactor 
and  distributed  via  the  inlet  manifold  to >the  individual  tubes.  Selected 
tubes  were  instrumenteJ  at  intervals  along  their  length  to  provide  data  on  the 
tubing  temperatures,  /'■dditional  instrumentation  was  used  to  measure  the  inlet 
fuel/air  ratio,  pressure,  and  temperature,  the  cooling  alrf I ow+— And— the 
reactor  discharge  pressure,  temperature,^nd--gas— composTtT^. 

Table  3  summarizes  the  major  findings  of  the  reactor  tests. 


RECOMMENDATIONS  FOR  FUTURE  ACTIVITIES  ...  --  ‘ 

This  study  has  shown  that  a  catalytic  reactor  inert  gas  generator  system 
shows  potential  benefits  over  other  methods  of  providing  fuel  tank  inerting 
for  large  aircraft.  Therefore,  it  is  recommended  that  this  type  of  inerting 
system  be  developed  and  laboratory  tested.  The  testing  will  be  oriented  toward 
estabi ishing/the  performance  potential  predicted  by  the  analytical  techniques 
presented  ini  this  report.  Because  of  the  similarity  between  the  selected 
inert  gas  generator  concept  and  aircraft  environmental  control  systems,  many 
of  the  inert/ing  system  components  could  be  made  av  liable  for  the  test  program 
as  off-the-^hel f  hardware  items. 

A  second  recommended  future  effort  is  the  development  of  oxygen  sensors 
capable  of  operating  in  an  aircraft  environment,  and  specifically,  of  operating 
in  the  mois|ture-  and  fuel-laden  atmosphere  potentially  present  at  various 
points  in  the  inerting  system.  Such  sensors  would  allow  the  inerting  system 
performanc^  to  be  monitored  and  would  greatly  faci I i tate -fault  isolation 
within  the  system. 

It  shauld  be  noted  that  open-loop  control  concepts  appear  to  provide  more 
accurate  cjntrol  of  the  fuel/air  ratio  into  the  catalytic  reactor  than  that 
obtainable  even  with  future  technology  oxygen  sensors.  Thus,  the  inerting 
system  performance  is  not  dependent  upon  oxygen  sensor  development,  but  it 
would  be  enhanced  by  such  development. 
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table  3 


CATALYTIC  REACTOR  TEST  SUMMARY 


Number  of  catalysts  tested 
Catalyst  types  showinq  app I i cabi I i ty 

Recofimiended  catalyst  arrangement 

RecoP’mended  catalyst  carrier 


38 

Precious  metals;  platinum  and 
pal  ladi um 

Metal  oxides;  oxides  of  copper, 
manganese,  and  silver 

American  Cyanamid  Code  A  catalyst  or 
Grace  908  catalyst  (alternate), 
intermixed  with  platinum  with  an 
initial  igniter  length  of  platinum 
catalyst 

Alumina  pellets  about  0,1  in.  _ 
diameter  to  provide  low  pressure  drop 
apd,  good  flow  turbulence 


Minimum  catalyst  ignition  temperature 


40,0°  to  .450°  F 


Maximum  tubing  wall  te-iperature 
Recommended  tubing  material 


About  .I250°F  if  conventional 
are  to  be  used 

Type  347  stainless  steel 


materials 


Reactor  discharge  gas  composition 


Low  nitrogen  oxide  count,  low  hydro¬ 
carbon  Count,  initial  condensate  has 
pH  of  about  3.0 


/ 
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SECTION  II 

COHPARISON  AND  SELECTION  OF  INERTING  CONCEPTS 


INTROOUCTIO.N 

This  section  presents  the  study  analyses  and  conclusions  leading  to 
selection  of  the  preferred- i nert ing  system  concept.  First,  the  candidate 
concepts-for—Lbe  yar ipu^ system  functions  (inert  gas  source,  gas  cooling 
and  moisture  removal,  and  suppTeinent-a^l  moisture  removal)  are  analyzed  to 
establish  their  performance  potential.  Then,  a  set  of  weighted  evaluation 
criteria  are  used  to  select  the  optimum  system  configuration.  The  preliminary 
design  of  this  selected  concept  is  presented  in  Section  IV. 

Orqanizat ion 

The  major  divisions  of  this  section  are  as  follows: 

•  Inert  gas  source  concepts 

•  Gas  cooling  and  moisture  removal  concepts 

•  Supplemental  moisture  removal  concepts 

•  System  synthesis  and  selection 

The  first  three  divisions  analyze  the  performance  capabilities  of  each  concept 
and  summarize  its  applicability  for  the  inerting  system  application.  The 
last  division  combines  these  concepts  that  have  been  found  to  be  applicable 
into  a  series  of  candidate  inerting  systems.  From  these  systems,  the  II  most 
promising  configurations  were  selected  for  a  detailed  comparison  with  one 
another.  A  set  of  weighted  evaluation  criteria,  consisting  of  performance, 
weight,  reliability,  maintainability,  and  cost  are  used  to  select  the  optimum 
fuel  tank  inerting  system. 

Summary  of  Selected  System 

The  evaluation  comparisons  indicate  that 'the  optimum  inerting  system 
concept  uses  a  ram  air-coolcd  catalytic  reactor  as  the  inert  gas  soutce,  y^ith 
an  air  cycle  refrigeration  system  being  used  to  provide  gas  cooling  and 
moisture  control.  The  air’ cycle  refrigeration  unit  consists  of  an  inert/ram 
air  precooler  used  during  all  flight  modes,  an  inert/fuel  precooler  used 
only  during  high-speed  supersonic  flight  (when  the  ram  temperatures  become 
excessively  high  for  moisture  removal  by  condensation),  an  expansion  turbine 
loaded  by  a  fan,  and  a  regenerative  heat  exchanger  (uses  turbine  exhaust  gas 
to  precool  the  Inert  flow  prior  to  entering  the  turbine). 

INERT  GAS  SOURCE  CONCEPTS 

The  inert  gas  source  preferentially  removes  oxygen  from  air  to  provide 
an  output  having  less  than  5  percent  free  oxygen  by  volume.  There  are 
other  possible  methods  of  providing  an  inert  gas  which  are  not  dependent 
upon  starting  with  air,  such  as  carrying  a  supply  of  inert  gas  on  the 
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TABLE  4 

INERTING  SYSTEM  FUNCTIONAL  CONCEPTS 


4  Funct ion 

1 

Concepts  Considered 

Inert  Gas  Source 

Catalytic  Reactor  ,in  several 
different  configurations 

Combustor  single  and  staged 

Bootstrap  Combustor/Reactor  Cycle 

Oxygen  Adsorption  Processes 

Oxygen  Absorption  Processes 

Electrochemical  Processes' 

Gas  Cooling  and  Moisture 

Remova 1 

Direct  Cooling  ;2  different  con¬ 
figurations) 

-Vapor  Cycle  Refrigeration  5  dif¬ 
ferent  configurations 

Simple  Air  Cycle  Refrigeration 

6  different  configurations 

Bootstrap  Air  Cycle  Refrigeration 
:  12  different  configurations 

Supplemental  Moisture 

Removal 

Water  Coalescer/Separator 

Direct  Flow  Sorbent  Beds  2  dif¬ 
ferent  materials 

Regenerable  Sorbent  Beds  2  dif¬ 
ferent  materials- 

aircraft  liquid  nitrogen,  for  example)  or  reacting  chemicals  to  generate 
an  inert  gas  (hydrazine  decomposition,  for  example).  The  primary  intent  of 
this  study,  however,  Is  to  synthesize  a  catalytic  reactor  inerting  system  . 
operating  on  air;  additional  oxygen  removal  concepts  have  been  briefly  con¬ 
sidered  to  insure  that  the  catalytic  reactor  method  is  the  optimum. 


The  in^rt  gas  sources  considered  are  as  follows;, 

•  Catalytic  reaction  of  air  and  fuel 

•  Combustion  of  air  and  fuel 


•  Bootstrap  combustor/reactor  cycle  operating  on  ram  air 

•  Adsorption  processes  in  which  oxygen  is  preferent ia 1 1 y  adsorbed 
from  the  air  onto  the  adsorbent  surface  (a  physical  process) 


% 


•  Absorp|.ion  processes  in  wh^'ch  oxygen  is  preferentially  absorbed 
from  the  afr  into. the  absorbent  material  ;a  chemical  process; 

i 

•  Electrochemical  processes- in  which  oxygen  dissolves  in  an 
electrolyse  and  passes  from  the  ahpde  to  the  cathode  and  into. an 

“  oxygen- rich  waste  stream 

It  shou-ld  ^  noted  that,  for  ^turbine  engine  ^aircraft  the  turbine  exhaust 
gas  has  en  oxygen  content  varying  between  18  to  20  percent  by  volume.  Con¬ 
sequently,  fuel  tank  inert ing  systems  using  turbine  exhaust  gas  would. also  .. 
require  an  additional  method  of  removing  oxygen;  thus/  the -integration  of 
the  inert  gas  source  with  the  engine  turbine  air  (either  turbine  inlet  or. 
exhaust)  'does  not  el iminate,  the  necessity  for  a  separate  inert  gas. source. 
Therefore,  only  concepts  operating  with  air  at  ancient  composition  have  been 
con^sidered.  ‘ 

The  study  indicates  that  only  the  catalytic  reactor  and  the  combustor*  , 
are  capable  of  providing  inert  gas, at  a. reasonable  weight  and  bleed  air  / 
usage.  Of  these  two,  the  catalytic  reactor  of-Ters  maintenance  and  performance 
advantages  over  the  combustor..  The  reactor  operates  at  lower  temperatures  •• 
and  has  no  external  power  supply,  such  as  would  be  required  for  the  combustor. 

Jh  ^  ^ 

The  material  below  describes  each  of  the  candidate  concept^T^  indicating 
their  relative  performance.  It  assumes  that  all  concepts  e-xcept  the  bootstrap 
combustor/reactor  cycle  are' operated  with  bleed  air  rather  than  ram  air. 

Ram  air  might  be  acceptable  for  some  of  the  concepts  during  high  speed  flighty 
when  there  is  sufficient  ram  pressure;  however,  during  other  flight  modes, 
particularly  when  the° aircraft  is  on  the  ground,  the  ram  pressure  is  insuf-  ,* 
ficient.  A  similar  situation  occurs  on  aircraft  environmental  cont ref  systems 
where  ram  might  be  sqi'table  during  some  flight' modes-,  but  is'  ifisuitable 
during  others.  Weight  apd  reliability  considerations  for  E^S's  have  led  to 
systems  that  utilize  bleed  air  during  all  flight  modes.  Similarly,  it  ' 
appears  that  bleed  air  will  be  the  optimum  process  .a [,r  source  for  the  IGG. 

Ram  air,  as  discussed  iater,  will  be  used  extensively  as  a  heat  sink  for 
process  gas  cooling. 

if  „ 

Catalytic  Reaction  "7  , 

•  •  '  * 

Catalytic  reaction  of  fuel  and  air  can  be  acc'omp I  i shed  by  passing  the 
fuel/air  mixture  across  a  catalyst  bed.  The  primary  -reactor  design  problem 
is  the  dissipation  of  the  energy  released  by  the  exothermic  reaction.^ 

Additional  considerations  of  importance  are  the  selection  of  the  catal^t 
material  and  its  degradation  with  time.  Considerable  previous  work,  however, 
has  been  devoted  to  investigation  of  catalysts  (most  notabfy  ,the  American 
Cyanamid  study  published  as  AFAP1.-TR-69-68),  and  additional  catalyst  performance 
studies  that  have  been  conducted  for  this  study  are  presented  in, Section  M  of 
tiii s  report.  "  '  _  '  , 

The  following  mater iai.. discus.ses  the  candidal  reactor  concepts,  pre¬ 
senting  the  information  as  follows: 

•  Reactor  heat  load 


J 
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2-  Potential  H»at  Sinks 


There  are  four  heat  sinks  that  could  be  used  for  the  reactor: 
a  Ram  air 


e  Engine  fuel 

e  ECS-chi I  led  ai r  ■ 

y 

•  Water  / 

/ 

'  & 

Engine  fuel  has  been  eliminated  as  a  candidate  due  to  the  potential  safety 
hazard.  Leakage cooling  fuel  into  the  reactor  would  greatly  increase 
the  heat  generated  within  the  reactor^  possibly  leading  to  destruction. 

ECS-chi I  led  air  could  be  used  as  a  heat'sink;  however,  the  maximum  flows 
through  the  reactor  would  necessitate  a  significant  increase  in  the  size  of 
the  ECS  —  this  concept  is  discussed  further  in  the  gas  cooling  and  moisture 
removal  information,  but  it  does  not  appear  optimum  for  military  aircraft. 

Using  water  would  require  about  I  lb  water  per  lb  of  inert;  this  represents 
an  excessive  weight  penalty  .as  well  as  requiring  ground  maintenance  for 
periodic-resupply  of  the  water. 

Thus,  ram  air  has  been  selected  as  the  reactor  heat  , sink.  The  ram_tlow 
must  be  about  5  times  the  inert  flow  if  the  reactor  temperatures^ re  to  be 
maintained  within  the  limits  of  conventional  materials. 

3.  Candidate  Heat  Transfer  Surface  Geometries 


The  reactor  weight  will  cpnsist  primarily  of  the  heat  transfer  surface 
required  to  dissipate  the  heat;  only  a  minor  portion  will  be  the  catalyst 
weight.  Consequently,  it  is  necessary  to  optimize  the  heat  transfer  surface, 
if  the  reactor  weight  is  to  be  minimized.  The  following  material  considers 
three  classes  of  heat  transfer  surfaces:  j 

•  Tubular  surface  geometry  ; 

•  Finned  tubular  surface  geometry  I 

I 

•  Plate-fin  surface  geometry  i 

The  surface  compactness  relationship  between  these  geometries  is  shown  in 
Figure  5.  It  indicates  a  considerable  overlap  between  geometries  of  different 
types.  Typical  high  temperature  heat  exchanger  surface  geometries  are  shown 
in  Figure  6. 

a.  Plain  Tubular  Surface  Geometries 


*  Preliminary  analyses  of  possible  tubular  heat  exchangers  indicate  that 
the  heat  transfer  coefficient  on  the  ram  air  side  controls  .the  size  of  the 
heat  transfer  surface.  And  since  the  heat  transfer  coefficient  for  flow 
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Figure  6.  Typical  High  Temperature  Heat  Exchanger  Surface  Geometries 
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inside  plain  ( nonturbulated)  tubes  is  several  times  less  than  the  coefficient 
for  flovy.  outside  an  otpimized  tube  bundle,  the  most  desirable  tube  configura¬ 
tion  would  place  the  ram  air  on  the  outside  of  the  tubes,  where  the  flow 
coefficient  is  maximized. 

Additionally  the  inner-side  heat  transfer  coefficient  can  be  signifi¬ 
cantly  increased  by  turbulat ing  the  fluid  flow.  The  best  method  of  providing 
turbulence  has  been  found  to  be  ring-dinpl ing  of  the  tubes  at  periodic 
intervals. 

b.  Finned  Tubular  Surface  Geometries 

With  a  gas-to-gas  heat  exchanger  made  from  small  diameter  tubes,  adding 
finned  secondary  surfaces'on  the  outside  of  the  tubes  poses  a  serious,  if 
not  prohibitive,  problem  in  fabricating  dimples  for  inside-flow  turbulat ion. 

For  designs  with  external  secondary  surfaces,  the  inside  heat  transfer 
coefficient  can  be  increased  by  utilizing  a  plain  strip,  a. wire  spiral,  or 
a  flap  turbulator  inside  the  tube.  With  the  plain  strip  brazed  inside  the 
tube,  the  hydraulic  diameter  is  effectively  reduced;  this,  together  with  the 
increase  in  heat  transfer  surface  area,  T^sults  in  an  improved  internal 
conductance.  Although  the  wire  spiral  and  the.,  flap  turbulator  are  more 
effective  heat  transfer  promotors,  the  assoc iated  ^increase  in  friction  results 
in  core  sizes  of  large  flow  frontal  areas  and  small  flow  lengths  for  units 
such  as  the  catalytic  reactor,  where  limited  pressure  loss  is  allowed. 


Plate-Fin  Surface  Geometry 


A  number  of  secondary’ surfaces  were  evaluated,  including  plain  triangular 
and  rectangular  offset  fins  of  the  type  shown  in  Figure  7.  In  the  majority 
of  compact^air  cooled  heat  exchangers  for  aircraft,  and  industrial  applica¬ 
tions,  offset  finned  surfaces  are  utilized  for  minimum  volume  and  weight. 

With  such  a  surface,  the  fins  are  systematically  pierced  In  the  direction  of 
flow  and  offset  normal  to  the  direction  of  flow  as  shown  in  Figure  7.  This 
provides  periodic  interruption  of  the  boundary  layers  and  thereby  increases 
the  heat  transfer  coefficients.  Boundary  layer  dissolution  incurs  a  smaller 
pressure  drop  penalty  than  artificial  turbulence  promotion  such  as^wavy, 
-louvered,  or  /herringbone  fin  configurations.  Comparison  of  the  various 
surface  types  indicates  that  compact  offset  rectangular  fins  result  in 
matrixes  of  minimum  volume,  and  thus  represent  an  effective  secondary  surface. 


d .  Su rface  Selection 


From  the  surface  geometry  comparison,  a  prel imitiary  analysis  has  shown 
that  the  minimum  weight  counterflow  plate-fin  mat r ix :we ight,  while  lighter 
than  the  finned-tube  variant,  is  much  heavier  than  the  dimpled  plain  tube 
design.  With  the  main  goal  of  the  heat  transfer  analysis  being  to  establish 
a  surface  geometry  for  minimum  weight,  a  plain  tube  geometry  has  been  selected 
for  the  reactor.  i 


•  1 
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Figure  7.  Typical  Plate-Fin  Surface  Geometries 
4 .  Flow  Configurations 

For  a  given  heat  load  and  thermal  effectiveness,  the  minimum  overal I 
thermal  conductance  can  be  realized  with  a  pure  counterflow  arrangement.  For 
such  an  arrangement',  end  section  header ing  areas  are  necessary  to  direct  the 
hot  and  cold  streams  to  and  from  the  counterflow  portion  of  the  .heat  exchanger 
assemtjiy.  For  the  effectiveness  desired  fo.r  the  catalytic  reactor,  including 
end  sections  would  result  in  a  weight  penalty',  so  that  simpler,  lighter  ^ 

jdesTghs  with  cross  flow  or  multipass  cross -counter flow  should  be  utilized.  \ 
These  conf ipurat ions  eliminate  or  reduce  the  weight  associated  with  the  header^ 

a.  Catalyst  Outside  the  Tubes  ' 

Placing\^  catalyst  outside  the  tubes  limits  the  low-pressure  ram  air 
velocity  becausV^f  the  low  pressure  loss  allowable  on  the  ram  side.  Thus, 
with  a  design  ramSai r  pressure  loss  on  the  order  of  only  I  psia,  the  full 
advantage  of  tube  ri^  dimpling  cannot  be  realized  and  fairly  low  Internal 
heat  transfer  coefficients  exist.  Also,  because  of  the  low  ram  pressure 
drop,  only  a  single  pass  arrangement  on  the  tube  side  can  be  considered.  For 
such  a  conf  igurat  i'op-^designed  for  800  Btu^per  lb  inert  heat  dissipation  a 
tube  weight  of  1.3  lb  per  Ib/min  of  inert  gas  is  obtained  for  stainfess  steel 
tubes  of  0.20  in.  00  with  0.008  in.  wails,  based  on  heat  dissipation 
proportional  to  the  distance  along  the  tube.  And  with  the  inert  gas  flowing 
outside  the  tubes,  the  heat  exchanger  shell  is  a  substantial  pressure  vessel, 
so  that  the  heat  exchanger  weight  will  be  considerably  more  than  that  of  the 


basic  heat  transfer  matrix. 
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Catalyst  Ifiside  the  Tubes 


A  more  attractive  design  from  the  structural  and  weight  standpoints 
can  be  realized  by  adopting  a  flow  configuration  with  the  ram  air; outside 
the  tubes,  and  the  inert  inside.  Since  a  large  inert-side  pressure  drop 
can  be  tolerated  at  full  reactor  flow  (because  for  the  B-l  the  output  will 
bypass  the  gas  cooling  equipment  and  go  directly  to  the  tanks,  and  for  the 
TFA  the  maximum  flow  occurs  at  an  altitude  such  that  a  large  reactor 
pressure  drop  will  still  leave  adequate  pressure  to  drWe  the  gas  cooling 
equipment;,  high  internal  mass  flow  velocities  can  be  utilized  so  that 
lightweight  designs  are  obtained.  The  high  internal  velocities  place  the 
inside  Reynolds  number  in  a  range  where  ring-dimpl  Ing /^of  the  tube  wall 
provides  an  effectiv.e  means  of  increasing  the  inside  neat  transfer  coefficient. 
Additional  increases  will  be  obtained  due  to  the  turbulence  created  by  the 
flow  of  the  inert  across  the  catalyst  pellets.  Also,  since  the  ram-side 
pressures  are  less  than  the  inert  pressures,  placing  the  inert  inside  the 
tubes  reduces  the  weight  of  the  heat  exchanger  shell. 


Because  of  the  large  available  pressure  drop,  multipassing  of  the  inert 
side  is  feasible  so  that  the  o.-c-rall  thermal  conductance  can  be  lowered,  hence 
lowering  the  core  weight.  A  single  pass  on  ram  side  must  be  maintained 
because  of  the  low  pressure  drci;  allowable. 

c.  Reccmmendat ion 

In  summary,  the  recommended  catalytic  reactor  flow  configuration  uses  a 
tubular  heat  exchanger  with  the  catalyst  inside  the  tubes.  For  a  heat  load 
of  800  Btu  per  lb  inert  gas,  a  four-pass  cross-counterf low  design  will  require 
about  0.6  lb  of  tubing  per  Ib/min  of  inert  flow.  This  is  based  on  sta-iniess 
steel  tubes  of  O-riO'^Vn,  00  with  0.008  in.  wails. 

5.  Material  Selection 

The  factors  of  primary  importance  in  the  selection  of  high  temperature! 
heat  exchanger  materials  are  mechanical  properties,  hot  corrosion  resistance, 
fabricabi I ity,  compatibility  with  brazing  filler  metals,  metallurgical 
stability,  and  cost. 


The  heat  exchanger  material  must  have  adequate  mechanical  properties 
during  its  design  lifetime  to  withstand  the  stresses  due  to  thermal  transients 
and  fluctuating  and  steady-state  pressure  differentials.  It  is  insufficient 
merely  to  measure  the  properties  of  new,  unexposed  material,  because  mechan¬ 
ical  properties  are  almost  always  degraded  by  environmental  attack  and  by 
metallurgical  changes  such  as  aging  reactions  and  carbide  precipitation. 
Metallurgical  stability  and  corrosion  resistance  cannot  be  considered  apart 
and  are  important  in  evaluating  mechanical  properties. 

Erosion  resistance  is  also'  an  important  mechanical  property.  Erosion  is 
caused  by  solid  or  liquid  particles  (catalyst,  carbon,  or  fuel  droplets  in 
the  system  battering  against  the  surface  of  a  material.  Although  dynamic 
yield  strength  and  endurance  limit  can  give  indications,  there  is  no  accurate 
way  to  calculate  erosion  resistance. 
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Hot “Corrosion  is  the  attack  on  metal  alloy  components  caused  directly 
or  indicactly  by  contact  with  products  of  combustion.  Included  in  this 
term  are  all  synergistic  effects  that  contribute  to  hot-corros ion  such  as 
sulfidation,  oxidation,  erosion,  stress-corrosion,  and  both  static  and 
cyclic  stresses. 

Based  on  experience  gained  from  advanced  regenerative  gas  turbines, 
and  other  high  temperature  heat  exchanger  applications.  Type  347  stainless 
steel  las  proved  to  be  an  excellent  material,  and  is  the  recommended 
catalytic  reactor  material.  Carbide  precipitation  in  grain  boundaries  and 
consequent  sensitization  to  chemical  corrosion  at  low  temperatures  are 
minimized  by  the  addition  of  columbium,  which  forms  stable  carbides. 
Brazeability  of  Type  347  is  excellent  /and  formability  is  good.  Type  347 
has  good  creep  strength  and  hot-corrosion  resistance  to  approximately 
I300”F  for  long-time  service.  Thus,  designing  the  catalytic  reactor  for 
a  maximum  matecjal  temperature  of  I200-I300^F  is  required. 

6.  Ram  Air  Flow  Control 

If  the  catalytic  reactor  i>  designed  in  such  a  manner  that  at  maximum 
inert  flow  the  bleed  air/fuel  reaction  occurs  over  almost  the  entire  length 
of  the  reactor,  then  at  part  loads  the  reaction  will  occur  in  only  part 
of  the  reactor.  This  is  shown  in  Figure  8.  Depending  on  the  relationship 
between  the  flow  rate  and  the  reaction  length,  it  is  possible  that  the  heat 
to  be  dissipated  at  a  specific  point  within  the  reactor  at  part  load  could 
equal  or  exceed  that  at  full  load.  Thus,  if  the  overall  ratio  of  the  ram 
air  flow  to  the  inert  flow  is  fixed,  then  it  is  necessary  to  provide  some 
method  of  controlling  the  ram  air  flow  along  the  reactor  length  so  that 
flow  adequate  for  the  required  heat  dissipation  can  be  maintained  at  part 
toads.  Test  data  will  be  required  to  establish  the  relationship  between 
the  heat  dissipation  and  the  required  local  ram  air  flow;  however,  ft 
appears  that  the  most  desirable  concept  is  regulation  of  the  ram  air  flow 
distribution  by  means  of  a  simple  door  actuated  on  the  ram  inlet  side. 

The  concept  shown  In  Figure  9  allows  routing  the  ram  flow  through  only  a 
portion  of  the  heat  exchanger  at  inert  flows  less  than  the  design  condition. 

7.  Maintenance  Considerations 

The  catalyst  packed  within  the  reactor  tubes  will  require  periodic 
replacement.  This  can  be  provided  by  designing  the  reactor  with  removable 
headers.  Either  encapsulated  catalyst  or  wire  screens  over  the  tube  pass 
ends  would  prevent  catalyst  loss  to  the  inert  gas  flow  and  would  prevent 
excessive  fluidization  of  the  bed. 


Careful  headering  and  manifolding  design  will  be  necessary  to  ensure 
good  flow  distribution  through  the  qatalyst  bed  and  to  eliminate  any 
possibility  of  local  hot  spots. 


\ 
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HEAT  DISSIPATED 


8.  Design  Summary 


\ 


The  catalytic  tubularyieat  exchanger  design  appears  less  stringent 
than  that  required  for  advanced  gas  turbine  recuperators^  and  is  within  the 
current  state-of-the-art.  The  des.ign  study  has  indicated  the  following; 


e 
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Lightweight  design  can  be  achieved  using  a  contact  tubular  matrix 

Minimum  weight  results  with  the  inert  gas,  and  hence  catalyst, 
placed  inside  the  dimpled  tubes 

A  compact  unit  can  be  designed  with  a  single-pass  ram  air  side 
and  a  multi-pas-s^  inert  gas  side 

Conventional  furnace-brazed  347  stai nles^^stee I  construction  is 
recommended  J 

/ 

Removable  headers  on  the  inert  side  are  required  to  facilitate 
periodic  catalyst  replacement  \ 

Part  load  performance  requires  a  ram  air  flow  control  door  on 
the  ram  air  inlet  side  of  the  reactor 

"  4 


Combust  ion 

For  the  same  output  ^rbduct,  the  fuel  required  by  the  catalytic  reactor 
and  a  combustor  will  be  appiroximately  equal;  however,  combustion  is  a  less 
efficient  process  than  reac^on  and  the  usual  end  products  of  combustion 
are  a  combination  of  CO  and  C^,  as  opposed  to  the  essentially  ccmplete\  - 

reaction  (all  CO2/  obtained  wic^ a  reactor. 

Three  types  of  combustors  possible: 

•  A  single-stage  combustof^in  which  the  incoming  air  is  used  to 

cool  the  combustion  chan^r  ' 

'  \ 

•  Staged  combustors  In  whic%, the  total  combustion  energy  is  split 
into  each  of  several  seri^^  combustors  having  interstage  cooling 


Bootstrap  combustor  allowing  ram  air  to  be  used  as  the  inerting 


\ 


air  source 

\ 

Single-Stage  Combustor 


\ 


A  single-stage  combustor,  such  as  that  shown  in  Figure  10,  has  been 
used  in  previous  aircraft  fuel  tank  inerting  systems  and  is  covered  by  US 
patent  2,775,238  assigned  to  D.  J.  Clark  and  H.  S.  Decker.  In  this  concept, 
the  Incoming  relatively  low-temperature  air  is  used  to  cool  the  combustor/ 
can' by  causing  the  air  to  flow  partially  around  the  can  prior  to  injecting 
it  with  fuel  and  burning  it.  A  second  can,  downstream  of  the  first,  completes 
the  combustion  process  by  mixing  additional  air  with  the  hot,  fiery. 
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incompletely  combusted  products  from  the  first  can. 
as  the  ignition  source  for  the  combustor. 


A  spark  plug  is  used 


AIR 


Figure  10.  SimpI if  led 'Schematic  of  a  Single-Stage  Combustor 


In  a  sit'gle  combustor,  the  equilibrium  temperature  gain  of  the  reaction 
products  is  about  3200°F..,if  4.2  lb  fuel  per  100  lb  air  are  used.  Proper 
design  will  limit  the  maximum  combustor  can  temperature  to  levels  consider¬ 
ably  below  this,  but  the  maximum  material  temperatures  wil.l  exceed  those 
obtainable  with  catalytic  reaction.  Consequently,  it  can  be  expected  that 
a  combustor  would  produce  more  nitrogen  oxides  and  other  deleterious  com¬ 
pounds  than  would  a  reactor.  Also,  combustors  are  "general  ly  1  imi  ted /{ n'\^he 
flow  variation  that  they  can  handle  while  still  maintaining  an  effic/ient\ 
reaction.  ^ 

In  most  other  features,  combustor  performance  will  be  nearly  equal  to  \ 
that  for  a  catalytic  reactor.  In  both  concepts,  the  bulk!  of  the  weight  will 
be  the  heat  transfer  surface  required  to  cool  the  Inerted  gas  to  reasonable 
temperatures.  Also  both  concepts  require  limited  periodic  maintenance 
spark  plug  replacement,  cleaning,  combustor  can  replacement  in  the  case 
-of  the  combustor;  and  catalyst  replacement  in  the  catalytic  reactor  . 

2.  Staged  Combustors 

It  is  possible  to  reduce  the  maximum  material  temperatures  consider¬ 
ably  by  using  staged  combustors  in  which  the  combustor  discharge  flow  is 
coplad  prior  to  entering  the  next  combustor.  Such  units  have  been  used 
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OUTLET  PRESSURE 
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Figure  II.  Bootstrap  Combustor/Reactor  Schematic 
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^TURBINE  OUTLET  TEMPERATURE,  °F 
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successfully  in  research  laboratories.  However,  the  overall  weight  of  such 
a  system  will  be  higher  than  that  for  a  single-stage  combustor  and  the 
control  will  be  more  complex  since  fuel  would  be  injected  in  several  dif¬ 
ferent  places.  Thus,  staged  combustors  do  not  appear  xompet it i^e  with  a 
catalyst  bed  for  this  application.- 

Bootstrap  Combustor/Reactor’  Cycle  ^ 

It  is  possible  to  design  an  inerti/ig  source  that  coulcT  operate  on  ram 
air  during  all  flight  modes  except  very  low  speed  flight  at  high  alt'itUi^es. 
Such  a^  cycle  is  shown  schematically  in  Figure  II.  In  this  concept,  ^^am  air 
is  con^ressed  and  heated  in  either  a  reactor  or  combustor  prior  to  exjjansion 
across  a  turbine,  Materials  limitations  establish  the  upper  limit  on  the 
gas  temperature  at  the  turbine  inlet;  thus,  if  additional  fuel  is  requiVed 
to  accomplish  the  necessary  oxygen  removal  (as  is  the  case),  then  the  turbine 
discharge  must  be  passed  through  an  additional  reactor  or  combustor' stage. 


Figure  12  shows  the  pressure  increase  across  the  bootb^rap  machine  as 
a  function  of  the  compressor  pressure^ rat io.  The  data  show  that  there  is 
a  strong  incentive  to  have  a  low  compressor  inlet  temperature  if  a  high 
pressure  ratio  is  to  be  obtained.  Thus,  it  will  be  necessary  to  place  a 
precooler  in  front  of  the  compressor  to  cool  the  ram  air  during  high  speed 
flight.^  Also,  to  obtain  the  relatively  high  compressor  pressure  ratio  at 
which  optimum  performance  is  obtained,  it  may  be  necessary  to  use  a  multi¬ 
stage  coi^ressor.  5 


c  This  cycle  will  weigh  more  than  will  either  the  reactor  or  single-stage 
combustor  cycles,  and  it  requires  more  components  and  a  more  complex  control 
system  (because  there  are  two  separate  points  at  which  fuel  must  be  injected 
into  the  process  stream).  Thus,  unless  there  is  an  extremejy  st rong.Jnc.ent ive 
to  limit  the  use  of  bleed  air,  the  bootstrap  combustor/reactor  cycle  does~npi^^ 
appear  to  be  competitive  for  this  application.  f 

Adsorption  Processes 


Regenerable  adsorption  beds , can  be  used  as-a  means  of  obtaining  a 
nitrogen-rich  output  ga^/ldw.  The  concept  is  shown  schematically  In  Figure  13 
and  described  in  U.S^,.F^tent  2,944,627  (by  C.  V/l*  Skarstrom,  assigned  to  Esso). 
This  system  depends^upon  preferential  adsorption  of  oxygen  by  synthetic 
zeolite  (molecular  sievje)  adsorbents.  High-pressure  air  is  passed  through 
an  adsorbent  bed  that  removes  oxygen  to  provide  a  concentrated  nitrogen 
effluent.  As  shown  in  Figure  14,  for  a  product  gas  with  a  residual  oxygen 
content  of  about  5  percent  by  volume,  about  20  percent  of  the  input  flow 
will  appear  as  nitrogen-rich  output;  the  remaining  flow  will  be  discharged 
overboard.  It  is  possible  to  input  the  secondary  effluent  from  one  set  of 
beds  to  a  second  set  so  that  the  amount  of  wasted  bleed  air  is  minimized; 
however,  such  a  concept  would  require  compressors  and  pumps  to  compensate 
for  the  pressure  differences  between  the  various  beds. 
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The  sorbent  material  is  capable  of  carrying  about  0.01  Ib/min  of  process 
flow  per  lb  material  at  70®F  and  85  psia  inlet.  This  ratio  can  be  improved 
by  lowering  the  inlet  temperature  to  the  bed,  or  by  raising  the  pressure. 
However,  this  high  fixed  weight,  combined  with  the  inefficient  use  of  bleed 
air,  eliminates  adsorption  processes  from  further  consideration. 

Absorption  Processes 

Regenerable  absorbents  for  removing  oxygen  from  air  are  being  investi¬ 
gated  at  AiResearch  under  Air  Force  contract  F33657-69-C-I 187.  These 
absorbents  can  also  be  used  to  genterate  a  nitrogen-rich  inert  gas.  The 
process  consists  of  flowing  bleed  air  through  a  bed  which  absorbs  oxygen 
to  obtain  a  nitrogen-rich  effluent.  After  a  period  of  time,  the  air  flow 
is  reduced  to  a  very  low  value  and  the  bed  is  heated  to  about  ISO^’F.  Pure 
oxygen  desorbs  from  the  bed  and  is  swept  out  with  the  low  air  flow.  The 
bed  is  cooled  to-  60°F  and  the  process  Is  repeated.  With  two  beds,  a  con¬ 
stant  supply  of  inert  gas  can  be  obtained.  Figure  15  shows  a  schematic  of 
such  a  system  employing  elements  of  an  envi  ronn^ental  control  system  to 
provide  bed  heating  and  cooling. 

For  a  10  min  cycle  time  on  the  beds,  and  an  output  having  an  average 
oxygen  concentration  less  than  7.8  percent  by  volume,  the  following  per¬ 
formance  data  are  obtained; 

•  Process  gas  pressure  -  35  psia 

•  process  gas  flow  =  0.17  Ib/hr  per  lb  absorbent 

•  Inerting  flow  =  0.15  Ib/hr  per  lb  absorbent 

Increasing  the  inlet  pressure  to  about  150  psia  increases  the  process  flow 
to  0.73  Ib/hr  per  lb  absorbent  and  the  inerting  flow  to  0.62  Ib/hr  per  lb 
absorbent.  These  data  assume  that  the  beds  use  salcomine  (bisal Icylaldehyde 
ethylenediamine-cobalt/ ,  which  is  the  most  effective  oxygen  absorbent  tested 
to  date.  However,  a  new,  untested  compound  having  superior  characteristics 
may  allow  considerable  Increases  in  the  gas  flows,  possibly  by  as  much  as  a 
factor  of  7. 

The  bed  cooling  and  heating  requirements  are  each  about  280  Btu/lb 
inert.  Thus,  if  bleed  air  at  475®F,  35  psia  is  used,  about  4  lb  bleed  air/lb 
inert  would  be  required  to  provide  the  heating  requirement'.  The  cooling 
requirement  would,  require  ah  additional  40  lb  bleed/lb  inert,  based  on  32®F 
outlet  temperature  from  an  air  cycle  machine,  Also,  it  would  be  necessary 
to  use  ram  air  as  a  heat  sink  for  the  refrigeration  cycle.  Additionally, 
the  high  oxygen  content  in  the  gas  generated  by  the  absorption  process  would 
necessitate  using  a  different  gas  source  to  provide  the  low  oxygen  content 
required  during  fuel  scrubbing  on  the  initial  aircraft  climb. 

Clearly,  the  total  heat  load  penalties  combined  v;ith  the  requirement 
for  a  supplemental  gas  source  to  accomplish  scrubbing,  eliminate  this  concept 
,from  further  consideration. 
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Figure  15.  Nitrogen  Separation  from  Air  by  Absorption 


Electrochemical  Processes 

Electrochemical  cells  to  remove  oxygen  from  air  have  been  investigated 
by  the  Air  Force  as  a  means  of  supplying  breathing  oxygen  to  flight  crews. 
This  approach  could  be  used  for  the  inerting  system  to  supply  a  nitrogen- 
rich  flow  to  the  fuel  tanks. 


Information,  from  TRW,  Inc.,  HechanJcal  Products  Division  (that  has  had 
several' electrochemical  cell  contracts,  including  AF336 1 5-3392,  AF336I5-I8S6, 
and  NAS2-4444/ . indicates  that  about  1.2  to  1.5  -kw  of  dc  electrical  power  is 
required  to  separate  a  flow  of  I  Ib/hr  of  oxygen  from  air.  Thus,  for  an 
inerting  system  having  an  output  with  5  percent  oxygen  by  volume,  the  power 
requirement  is  15  to  20  kw  per  Ib/min  of  inert.  Also,  TRW  indicated  that 
the  fixed  weight  of  an  electrochemical  system  is  about  15  Ib/ib/hr  of 
oxygen  for  small  systems  having  up  to  5  lb  per  hr  of  oxygen  output;  thus, 
for  an  inerting  system,  the  fixed  weight  would  be  about  165  Ib  per  Ib/min 
of  inert  flow.  Clearly  both  the  electrical  power  required  by  the  electro¬ 
chemical  cell  and  its  weight. make  this  concept  noncompetitive  as  an  inerting 
gas  source. 
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Inert  Gas  Source  Selection 


Only  the  catalytic  reactor  and  the  combustor  concepts  provide  designs 
of  reasonable  weight  and  power  for  a  fuel  tank  inerting  system.  The  adsorp¬ 
tion,  absorption,  and, electrochemical  processes  are  noncompetitive  for  this 
application.  The  catalytic  reactor  has  been  selected  as  the  inert  gas 
source  for  the  following  reasons: 

e  Its  weight  will  be  less  than  that  of  an  equivalent  combustor 
concept 

•  It  operates  at  lower  temperatures  and  hence  can  utilize  conventional 
materials 

•  Its  efficiency  is  essentially  100  percent;  thus  there  will  be  no 
fuel  or  carbon  carryover  into  the  remainder  of  the  system 


Its  only  maintenance  requirement  is  periodic  cctalyst  replace¬ 
ment,  whereas  the  combustor  requires  cleaning,  spark  plug  changes, 
power  supply  maintenance,  etc 


COALING 


AND  MOISTURE  REMOVAL  CONCEPTS 


Generating  inert  gas  with  a  catalytic  reactor  results  in  the  addition 
of  considerable  heat  and  irnisture  to  the  process  flow.  Thus,  It  becomes 
-necessary  to  cooJ—the-gas -p^r lor  to  aliowing  It  to  enter  the  fuel  tanks. 
Additional ly,' .the  moisture  content  must  be  lowered  considerably  from  the 
approximate l.y  61 1  grains  H,0  per  lb  dry  inert  that  exist  at  the  catalytic 

reactor  outlet.  Much  or  all  of  this  moisture  removal  can  also  be  accomplished 
°by  cooling  the  gas,  causing  moisture  to  condense. 

.  •  ^ 

The  material  below  examines  the  design  point  performance  capabilities 
of  three  types  of  cooling  methods  for  an  assumed  design  point  that  has  been 
selected  based  on  similarity  of  the  IGG  to  aircraft  envi ronmen'tpl  control 
systems.  The  three  cooling  classifications  are: 

•  Direct  cooling  by  heat  rejection  to  heat  sinks 

•  Vapor  cycle  refrigeration 

•  Air  cycle  refrigeration 

The  data  presented  indicate  that  direct  heat  rejection  alone  can  not, 
provide  low  outlet  moisture  contents.  Thus,  it  is  necessary  to  use  either^ 
a  refrigeration  system  or  a  sorbent  bed  to  remove  the  excess  moisture.  The"^- 
data  also  show  that  both  vapor  cycle  and  air  cycle  refrigeration  systems  A 
can  provide  extremely  low  outlet  moisture  contents.  Selection  of  the  pre¬ 
ferred  gas  cooling  technique  involves  combining  the  cooling  concepts  with 
the  supplemental  moisture  removal  concepts  to  obtain  systems  meeting  both 
the  temperature  and  moisture  requirements.  These  systems  are  synthesized 
after  examination  of  the  sorbent  bed  performance  capabilities.. 
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The  selected  cooling  and  moisture  removal  concept  must  be  capable  of 
providing  the  required  heat  removal  over  the  entire  aircraft  operating 
regime;  however,  the  inerting  cycle  will  be  designed  to  meet  the  performance 
goals  at  a  single  point,  having  excess  heat  removal  capacity  under  all  other 
operatin^condit  ions.  In  general,  this  point  will  occur  at  the  following 
operating  conditions: 


•  Minimum  engine  bleed  air  pressure — this  minimizes  the  moisture 
removal  that  can  be  accomplished  by  cooling  the  gas  to  a  given 
temperature  -saturation  occurs  at  higher  moisture  contents  as 
the  pressure  is  decreased 


•  Maximum  delivery  pressure — for  a  given  bleed  pressure,  this 
minimizes  the  amount  of  cooling  obtainable  by  passing  t,he  inert 
through  an  expansion  turbine;  that  is  the  expansion  ratio  is 
minimi  zed 

•  Maximum  flow  requirement — this  maximizes  the  total  heat  rejection 
required  as  well  as  sizing  the  components  ; note  that  at  lower 
flows,  the  heat  transfer  equipment  will  operate  at  higher  effective¬ 
ness,  if  the  cooling  flow  is  maintained,  thus  giving  higher  heat 
removal  per  unit  process  flow 

/  '  • 

•  Max  imum  heat  sink  temperatures 


The  pornt— satisfy ing  these  conditions  is  when  the^a ire rafr“is  in  idle  'scent 
minimum  bleed  pressure  ,  at  sea  level  (maximum  delivery  pressure^,  witn 
empty  tanks  in  a  steep  dive  ‘.maximum  flow  requirement;,  on  a  hot -day  (maximum 
heat  sink  temperatures  for  the  other  operating  conditions  .  Although  higher 
heat  sink  temperatures  occur  ‘most  notably  when  the  aircraft  is  in  super¬ 
sonic  flight),  the  bleed  and  del i very  pressures  are  such  as  to  make  efficient 
moisture  removal  possible. 


For  aircraft  environmental  control  systems,  vyhich  also  must  provide 
cooling  and  moisture  removal  over  the  aircraft  operating  regime,  the  heat 
exchangers  and  rotating  equipment  performance  are  determined  with  the  aircraft 
in  idle  descent.  However,  the  ram  air  circuit  is  sized  on  the  ground  where 
it  is  necessary  to  provide  a  ground  cooling  fan  in  order  to^pass  the  required 
cooling  flow  through  the  heat  exchangers.  This  combination  of  conditions 
will  also  probably  size  the  IGG  components  since  they  must  be- capable  of 
providing  the  maximum  normal  descent  flow  during  the  final  phases  of  descent, 
and  also  prpviding  high  flows  while  the  aircraft  is  on  the  ground  for  fuel 
scrubbing  and  initial-  tank  pressurization. 

Thus,  the  material  presented  in  the  remainder  of  this  section  will 
analyze  the  performance  capabilities  of  various  concepts  under  the  following 
conditions: 


•  Throttle  setting — idle  .bleed  air  pressure  assumed  to  be  35  psia 
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rtilHi'i  'ill  I 


•  At rspeed— Mach  0.70  (this  is  somewhat  above  the  maximum  speed 

occurring  during  the  final  phases  of  descent  "a  I  though  the 
aircraft  can  obtain  considerably  higher  speed  at  $ea  level, 
these  conditions  result  in  a  higher  throttle  setting  and  con¬ 
sequently  a  higher  bleed  air  pressure)  / 

/ 

a  Alt  itude--sea  level  requires  IGG  discharge  pressure  of  about 

lb. 7  psia  to  accommodate  the  distribution  ducting  pressure  drop 
and  the  tank  pressure  of  about  0.5  psig, 

•  Day— MIL-STO-210  hot  day 

Direct  Cooling  by  Heat  Rejection  to  Heat  Sinks 

Direct  heat  rejection  involves  process  gas  cooling  by  heat  transfer 
to  a  heat  sink.  There  are  numerous  heat  sinks  available  orr  the  aircraft, 
including: 


a  Ram  air 

a  Engine  or  APU  bleed 
a  Fuel • 

t 

a  X  Expendable  evaporant  ”  ' 

a  Structure 

a  Hydraul ic  fluid  ' 

a  oil 

a  ECS  chi  1  led  ai r 

The  first  four  heat  sinks  are  open  cycle  concepts  in  which  the  heat  sink 
fluid  is  either  vented  to  ambienc^  after  use,  or  passed  into  the  engine  for 
oxidation  (in  the  case  of  fuel).  The  latter  four  concepts  involve  a  two-step 
process  in  which  the  heat  is  rejected  to  the  first  heat  sink  (that  listed) 
prior  to  later  rejection  to  the  an^ience,  via  air  cooling. 

I .  Temperature 

The  primary  varTable  involved  in  heat  sink  selection  is  the  desired 
heat  rejection  temperature.  To  obtain  an  outlet  moisture  content  less  than 
80  grains  per  lb  dry  inert,  the  graph  of  Figure  16  indicates  that  the  heat 
sink  tenperature  must  be  a  maximum  of  75®F  if  the  process  gas  pressure  Is 
35  psia.  The  data  of-Figure  16  also  show  that  passing  the  process  gas 
through  an  expansion  turbine  and  water  separator  after  cooling  allows  the 
heat  sink  temperature  to  increase  to  93°F  while  still  maintaining  the  oultel 
at  80  grains  moisture.  Other  refrigeration  cycles,  presented  later,  will 
allow  somewhat  higher  heat  sink  temperatures  ytfhile  still  maintaining  the 
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desired  80  grains  moisture  in  the  output..  However^  the  data  indicate 
that  there  is  strong  incentive  to  obtain  low  heat  sink  temperatures. 
Consequently,  it  is  possible  to  eliminate  using  engine  bleed  or  APU  bleed 
as  a  heat  sink  i,  their  tfemperature  always  is  in  excess  of  about  400®F). 
Also,  most  of  the  aircraft  structure  will  exceed  I50®F  at  the  assumed  IGG 
design  point,  making  i/t/an  undesirable  heat  sink. 
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Figure  16.’  Outlet  Moisture  vs  Heat  Sink  Temperature 
2.  Heat  Sink  Flow  Ava i  lab.i  1 1 ty 

At  the  assumed  design  point,  about  140  Btu  per  lb  of  inert  must  be 
rejected  to  obtain  80  grains  per  lb  outlet  moisture.  This  requires  relatively 
high  cooling  fluid  flows:'  about  3  lb  air  per  lb  Inert,  or  about  1.5  lb  fuel,  i 
oil,  or  hydraulic  fluid  per  lb  inert.  The  flow  requirements  for  either  oil, 
or  hydraulic  fluid  are  probably  in  excess  of  the  available  flows  and, 
additionally,  the  hydraulic  fluid  flows  would  only  be  available  on  an  inter¬ 
mittent  basis  unless  special  provisions  were  made  for  the  IGG.  Thus  oil 
and  hydraulic  fluid  have  been  eliminated  from  further  consideration.  Also,, 
it  would  be  undesirable  to  use  fuel,  oil,  or  hydraulic  fluid  as  the  catalytic 
reactor  heat  sink  since  a  failure  causing  leakage  into  the  reactor  could 
result  in  a  fire  hazard,  as  well  as  causing  coking  and  carbon  deposition  on 
all  of  the  components  downstream  of  the  reactor. 

Of  the  possible  expendable  heat  sinks,  such  as  water.  Freon,  etc,  the 
total  heat  load  during  a  mission  is  such  as  to  eliminate  them  from  con-' 
sideration.  Additionally,  it  should  be  noted  that  their  use  would  necessitate* 
IGG  servicing  after  each  flight. 
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Consequently,  It  appears  that  air  is  the  only  heat  sink  acceptable 
for  the  catalytic  reactor;  it  is  also  an  excellent  heat  sink  during  subsonic 
flight  for  all  other  heat  transfer  surfaces.  Additionally,  fuel  might  be 
used  for  other  cooling  loads  (where  there  is  no  fire  hazard).  During  super* 
sonic  flight  when  the  ram  air  temperature  greatly  exceeds  the  fuel  temperature, 
fuel  becomes  a  particularly  attractive  heat  sink  for  all  heat  traijsfer  sur¬ 
faces  exc,ept  the  catalytic  reactor. 

3.  Use  of  ECS  Chilled  A^ir 


Using  ECS  chilled  air  for  the  IGG  would  necessitate  an  increase  in  the 
ECS  size.  Thus,  it  becomes  necessary  to  trade  the  ECS  and  ECS-to-IGG  heat 
exchanger  weights  against  the  weights  of  separate  ECS  and  IGG  systems.  Using 
ECS  chilled  air  greatly  simplifies  the  design  of  the  IGG,  although  it  does 
make  its  performance  dependent  upon  that  of  the  ECS.  Figure  17  shows  how  the 
ECS  air  would  be  used  for  the  IGG  both  to  cool  the  process  gas  during  its 
reaction  with  the  fuel  and  to  provide  moisture  and  temperature  control.  The 
figure  shows  2  ECS  packs  (for  B-O;  however,  the  TFA  has  only  a  single  ECS 
pack. 


TO  FUEL  ‘ 

TANKS 

„  , 

Fi^re  17*  Possible  ECS-IGG  Integration 
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This  concept  eliminates  the  ram  air  duct  that  is  required  for  an  IGG  - 
using  ram  air  cooling;  thus,  the  inerting  system  can  be  located  without 
regard  to  ram^ir  aval  labi  I  i ty .  However,  it  should  be  noted  that  such  a 
concept  does/not  use  any  of  the  refrigeration  potential  available  in  the 
IGG  process/fiow  (pressure  head  iSvai table  to  expand  and  cool  the  gasy.  Also, 
using  ECS  air  for  cooling  means  that  there  is  increased  use  of  aircraft 
engine  bleed  air  (ECS  and  IGG  both  use  bleed  air;.  Generally,  the  equivalent 
fuel  consumptio^  increase  necessary  to  offset  bleed  air  usage  is  from  3  to  6 
times  that  necessary  to  offset  ram  air  usage. 

The  total,  fixed  weight  of  the  ECS  chilled  air  IGG  will  be  somewhat  less 
than  that  of  the  ram  air  cooled  IGG;  however,  the  higher  operating  penalties 
for  the  ECS  chilled  air  concept  (about  50  percent  more  fuel  consumption;, 
combined  with  the  interdependence  of  the  ECS  and  IGG  performance  that  is 
obtained  by  this  type  of  integration,  appear  to  make  this  concept  unattractive. 


Ambient  ram  air  will  be  compressed  as  it  passes  into  a  ram  air  duct, 
giving  a  recovered  pressure  substant ial ly- in  excess  of  the  ambient  pressure. 
This  pressure  rise  in  turn  causes  a  temperature  rise  in  the  air.  Figure  18 
plots  the  ram  air  temperature  vs  altitude  for  various  aircraft  airspeeds. 


Figure  18.  Ram  Air  Temperature  vs  Aircraft  Altitude  on  MIL-STD-2I0A  Hot  Day 

•  A 


By  spraying  the  moisture  condensed  In  the  !^6  Into  the  ram  air,  it  Is 
possible  to  lower  the  ram  air  temperature.  The  dotted  lines  of  Figure  18 
show  the  ram  air  temperature  after  vaporization  of  moisture  from  the  process 
stream.  Since  the  process  gas  will  have  a  minimum  of  418  grains  moisture 
per  1b,  it  is  possible  to  add  at  least  80  grains  moisture  per  lb  to  the  ram 
air,  based  on  a  ram  airflow  S  times  the  inert  flow.  The  data  are  based  on 
an  ambient  humidity  per  MlL-STD-210,  Figure  IV.  Lower  ambient, humidities, 
as  will  normally  be  the  case,  will  result  in\ lower  ram  air  temperatures 
when  water  is  injected  into  the  ram  airflow. 


At  the  assumed  IGG  design  point,  the  ram  aj^r  will  have  a  temperature 
of  I60®F.  Water  Injection  lowers  the  ram  air  temperature  to  102. 5°F.  Thus, 
the  process  stream  could  be  cooled  to  about  II2'*F,  which  would  give  178 
giiains  per  lb  moisture  at  35  psia.  Clearly,  it  will  be  necessary  to  pro- 
vijde  additional  cooling  in  order  to  obtain  satisfactory  moisture  control. 

-^Ihi[s  cooling  can  be  obtained  by  the  refrigeration  cycles  discussed  later. 

Recommended  IGG  Heat  Sinks 


!  Based  on  the  above  information,  the  IGG  gas  cooling  concepts  presented 
latler  in  this  section  use  either  ram  air  or  fuel  as  the  cycle  heat  sinks. 

THe‘^  catalyt  ic  reactor  will  use  only  ram  air  during  both  subsonic  and  super- 
son^'c  flight  since  using  fuel  might  cause  a  safety  problem.  The  gas  coolXng 
equipment  will  use  both  ram  air  and  fuel  for  heat  sinkr.  Ram  air  is  the 
preferred  heat  sink  during  subsonic  flight  since  its  temperature,  when 
jrated  with  process  flow  water  condensed  by  the  cooling  cycle,  will  be 
than  the  fuel  temperature,  for  aircraft  altitudes  above  about  15,000  ft 
Figure  18).  During  supersonic  flight,  fuel  is  the  preferred  hea*-  sink 
the  refrigeration  equipment  since  its  temperature  will  almost  always  be 
than  the  ram  air  temperature. 

V 

Vapo^  Cycle  Ref r iqer.at ion 

lln  a  vapor  cycle  refrigeration  system  an  intermediate  working  fluid  is 
used  Ito  reject  the  IGG  heat  load  to  ambience.  Figure  19  shows  a  schematic 
o'f  the  basic  vapor  cycle  system  as  applicable  to  the  IGG.  The  working  fluid, 
usualjly  Freon,  is  compressed  and  condensed  by  using  ram  air  as  the  heat 
sink  brior  to  expanding  the  fluid  into  the  evaporator  where  it  absorbs  the 
.  heat  rejected  from  the  inerted  output  of  the  catalytic  reactor. 

I 

ideally,  the  system  would  use  fuel  as  the  cohdenser  heat  sink.  However, 
at  id^e  setting  on  the  engine  throttle,  the  fuel  flow  to  the  engine  is  insuf- 
ficierit  to  allow  the  IGG  to  operate  at  fulKnormal  flow.  Thus,  it  is 
neces^ry  to  either  recirculate  the  fuel  to  provide  adequate  flow  or  to 
jse  raU  air  as  the  heat  sink.  Since  ram  air  cooling  will  also  be  required 
W  the  catalytic  reaccor,  it  appears  that  the  weight -optimum  approach  is 
to  also  use  ram  air  cooling  for  the  Freon  condenser  during  subsonic  flight 
(condenser  must  be  fuel  cooled  during  supersonic  flight).  The  weight  of  the 
tarn  aif-to-Freon  heat  exchanger  will  be  considerably  less  than  the  weight 
tf  a  fiiel  recirculation  punp  and  lines. 
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Figure  20  shows  the  performance  potential  for  a  Freon  system  per  the 
schematic  of  Figure  19,  The  data  indicate  that  a  discharge  moisture  content 
of  60  grains  per  lb  can  be  easily  obtained.  At  this  condition,  the  compresso/ 
will  require  about  1.15  kw  per  Ib/min  of  inert  fl,ow,  or  about  77  kw'on  the  j 

B-l  ^nd  41  kw  on  the  TFA.  These  power  requirements  would  occur  during  / 

the  final  phases  of  landing  at  the  same  time  th^t  the  other  electrical  loads, 
are  at  a  peak;  therefore,  using  an  electrical  dfive  for  the  Freon  compressor^ 
would  require  that  the  electrical  power  syste0  capacity  be  increased.  An  / 
alternate  approach  is  to  use  engine  bleed  a\t!  expanded  across  a  turbine  to/ 
drive  the  compressor.  '  i 


One  disadvantage  of  the  Freon  cycle  shown  in  Figure  19  is  that  it  does 
not  utilize  any  of  the  refrigeration  potential  in  the  inert  flow.  Since 
the  inert  flow  is  at  about  35  psia,  and  the  delivery  pressure  is  only  15.7 
psia,  it  is  possible  to  obtain  considerable  work  and  cooling  by  expanding 
the  inert  flow  across  a  turbine.  The  work  output  can  then  be  used  to  assist 
in  driving  the  Freon  compressor  as  is  shown  in  Figure  2l.  Alternatively, 
this  work  could  be  used  to  drive  a  fan  that  will  pull  air  through  the  ram 
heat  exchangers  when  the  aircraft  is  on  the  ground.  In  either  case,  the 
expansion  both  reduces  the  cycle  power  requi renient' and  increases  the  cooling 
performance.  However,  placing  vapor  cycle  and  air  cycle  components  on  the 
,  same  rotating  shaft  generally  leads  to  shaft  sealing  problems. 

An  additional  method  of  improving  the  cycle  performance  consists  of  using 
the  inert  flow  to  absorb  a  part  of  the  condenser  heat  load  as  shown  in  Figure  22. 


34 


DISCHARGE  TEMPERATURE 


COMPRESSOR  DRIVE  POWER 


RAM  AIR 


CONDENSER 


EXPANSION 

VALVE 


I _ 

BLEED 


CATALYTIC 

REACTOR 


EVAPORATOR 


CONDENSED 

/WATER 

Figure  22.  Freon  Cycle  with  Reduced  Ram  Air  Flow 
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Adding  IOO°F‘to  the  inert  flow  will  still  maintain  its  temperature  within  ‘ 
the  acceptable  limits  and  will  account  for  about  16  percent  of  the  total 
condenser  hdat  load,  allowing  an  increase  In  the  vappr  cycle  performance. 

Although  the  above  data -ind icate  that  vapor  cycle  systems  can  easily 
-meet  the  IGG  performance  requirements,  their  h'^^gh  power  requirements,  or 
cycle  complexity  if  inert  pressure  potential  is  used  to  drive  the  cbnpressor;, 
will  probably  not  make  them  optimum  for  supersonic  aircraft.  Vapor  cycle 
ref  r  iqerat  ion  systems  have  only  been  found  we  i  gh^^ompe  t  i  t  i  ve  for  aircraft 
“  eavi  ronmental.  control  systems  when  the  total  heatre^ds  are  such  as  to’ 
require  a  cooling  airflow  ^if  air  cycle  sysi  ..s  are  used;  significantly  in 
excess  of  that  required* by  the  cabin  for  ventilation  flow.  In  such  a  case, 
the  superior  efficiency  of  the  vapor  cycle  tends  to-pffset  the  fact  that 
the  ^air  cycle  system,'  assuming  bleed  air  is  used',  can  obtain  much  or  all  - 

of  its  refrigeration  rapacity  directly  from  the  bleed  air'at  no  weight  or 
power  penalty.  >!  .  • 

Air  Cycle  Ref r iqerat itfn 

Air  cycle  ref nigerat ion  systems  ptilize  the  pressure  available  in  the 
bleed  air  to  obtain  gas  cooling  by  expansion.  There  are  two  types  of  air 
cycle  system^:  '  .  •  . 

Z 

•  Simple  cycle  in  whifch  the  gas  is  expanded  from  the  bleed  pressure 
^directly  to  the  discharge  pressure  required^ by  the  fuel,  tanks 
ignoring  sTight  pressiire  ditferences  due  to  cort^>onent  pressure 
drops!  , 
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•  Bootstrap  cycle  in  which  the  gas  is  first  compressed  to  a  pressure 
above  the  bleed  air  pressure^  then  cooled  by  heat  rejection  to  a 
heat  sink^  and  then  expanded  to  the  discharge  pressure  required  / 
by  the  fuel  tanks 

Each  of  these  basic  types  of  air  cycle  systems  has  a  number  of  variations  that 
can  be  selected  to  improve  the  performance. 


Basic  Cycle  Drv-Air-Rated  Performance 


Figure  23  shows  the  dry-air-rated  (6AR) •  performance  capabi I  it ies,  of  the 
basic  s.imple  and  bootstrap  air  cycle  systems.  Both  systems  have  approximately 
the  same  weight  andt  as  shown,  are  provided  with  identical  heat  transfer 
capacity  (precooler  for  the  simple  cycle  and  heat  exchanger  for  the  bootstrap 
cycle).  In  the  simple  cycle  concept,  the  process  gas  is  cooled  and  then 
expanded  across  a  turbine;  the  turbine  work  is  used  to  drive  a  fan  that  increases 
the  flow  of  ram  air  across  the  precooler.  In  the  bootstrap  cycle,  the- gas  is 
compressed,  then  cooled,  and  expanded  across  a  turbine.  In  the  performance 
data  shown,  the  compressor  pressure  ratio  has 'been  selected  such  that  al  l  of 
the  turbine  output  work  is  absorbed  by  the  compressor.  Later  material  shows 
alternate  cycles  pj^hich  a  portion  of  the  turbine  wor\  is  used  to  drive  a  fan 
that  will  increase  the  ram  airflow  across  the  heat  transfer  equipment. 


Tt^eriiata  in  Figure  23  indicate  that  the  bootstrap  cycle  provides  about  30 
to  50°F  addit ionai 'cooi  ing  (or  about  7  to  ,12  Btu/lb  throughflow)  in  comparison' 
to  the  simple  cycle,  depending  upon  the  inlet  pressure.  This  additional  cool.ing'. 
can  be  used  to  provide  a  lower  moisture  content  in  the  discharge  gas  than  is 
obtainable  with  the  simple  cycle. 
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2.  Basic  Cycle  Outlet  Moisture  Content 

F.lgure  24  shows  the  temperature  and\molsture  content  of  the  discharge  flow 
from,  both,  simple  and  bootstrap  air-cycle  refrigeration  systems*  The  data  are 
for  the  ass'imed  IGG  design  point  with  the  aircraft  in  idle  descent  at  sea  ie^ 
on  a  hot  day  cruising  at  Mach  0.7.  Table  5  shows  the  assumptions  used  in 
deriving  the  data  of  Figure  24.  The  figure  shows  performance  data  for  a  ^ngie 
Simple  cycle  concept  and  for  four  different'  types  of  bootstrap  cycles^  ;three 
of  which  use  a  compressor  having  a  pressure  ratio  of  1.4,  and  the  fourth  having 
a  compressor  pressure  ratio  as  required  to  obtain  an  interna  I 'fiower  balance  on 
the  rotating  component  (such  that  turbine  work  output  matches  compressor  drive 
power  without,,  havirtg  any  extra  power  available  to  drive  an  external  load,  such 
as  a  farii) 


In  the  simple  cycle  system,  the  best  performance ; is  obtained  at  about 
32*'F  with  45  gV  of  moisture  in  the  discharge;  such  a  (Condition  occurs  at  an 
inie^  pressure  of  about  52.5  psia.  Higher  inlet  pres$ures  would  cause  freezing 
of  the  entrained  moisture  in  the  turbine  -discharge  stream*  The  bleed  pressure 
of  35  psia  at  the  assumed  IGG  design,  point  limits  the  discharge  to.  about  67 
and  112  gr/lb  of  moisture,  for  the  assumed  cycle  inlet'  temperature  of  30b®F. 


TABLE  5 

ASSUMPTIONS  FOR  FIGURE  24 


Hut  exchangar  affactivanais  0.9S  , 
Coaiprassor  a.fficlancy  0.74 


Aablent  anlstura 


142  gr/lb  dry  air 
(H1L-$TD-2I0  hot  day) 


b.  Two-Wheel  Bootstrap 

The  bootstrap  cycle  shown  as  concept  B  uses  all  of  che-available  pressure 
head  to  provide  refrigeration  of  the  process  flow.  Thus,  the  performance  obtain¬ 
able  with  this  concept  represents  the  optimum  obtainable  with  a  bootstrap  cycle 
without  a  precooler.  The  bbst  performance  occurs  at  32°F  and  45  gr/lb  moisture 
content  with  an  inlet  pressure  of  about  36  pisja.  At  the  assumed  I6G  design 
point,  this  cycle  provides  an  outlet  having  |5i  gr/lb  moisture  at  37.5®F. 

'  1 

At  35  psia  inlet  pressure,  the  compressbr  pressure  ratio  is  about  1.63  for 
a  turb'ne/compressor  ppwer  balance.  Using  a  compressor  having  a  pressure  ratio 
of  only  1.4  would  allow  about. 32  percent  of  the  turbine  output  work  to  be  used 
to  drive  a  fan  (as  per  concepts  0  and  £) .  In  such  a  case,  the  output  moisture 
content  will  be  somewhat  higher,  but  the  fan  pqwer  can  be  used  to  increase  the 
flow  of  ram  air  across  the  heat  exchangers.  Concept  B  will  also, require  a  fan, 
which  must  be  driven  by  some  external  power  source,  such  as  an  electric  motor, 
an  expansion  turbine  using  bleed  air,  etc.  Thus,,  although  concept  B  offers 
superior  performance,  it  requires  an  additional  independent  component  (a  sepa¬ 
rately  driven  fan). 

Concept  C  is  also  a  two-wheel  concept  in  which  on>y  a  portion  of  the  total 
flow  is  passed  through  the  turbine.  The  remainder  of  the  flow  bypasses  the 
turbine  to  provide  a.  power  balance.  Thus,  a  large  portion  of  the  refrigeration 
available  Is  wasted.  This  indicates  that  the  selected  cycle  should  be  designed 
for.  full  flow  through  the  turbine  at  the  design  point. 

. c*  Three-Wheel  Bootstrap 

Many  of  the  recent  a.ircraft  Environmental  control  systems  have  been 
designed  as  three-wheel  bootstrap' machines  in  which  the  third  wheel  is  a  fan 
so  that  the  nun^r  of  components  is  minimized.  Thus,  it  appears  possible  that 
such  may  also  be  desirable  for  fuel  tank  inerting  systems.  Consequently,  the 
remainder  of  the  data  presented  for  bootstrap-  cycles  assume  a  three-wheel 
machine  in  which  a  portion  of  the  turbine  output  power  is  used  to  drive  a  fan. 

It  should  be  noted  that  the  performance  difference  between  the  two-wheel  and 
three-wheel  corKepts  is  relatively  slight;  equivalent  cycles  have  a  difference- 
of, about  16  gr/lb  moisture  in  the  discharge. 

Figure  24  shows  performance  data  for  the  two  different  three-wheel 
bootstrap  cycles  in  which  a  portion  of  the  turbine  outfit  power  is  used  to 
drive  a  fan,  one  with  and  one  without  a  precopier.  Both  concepts  use  a  com¬ 
pressor  having  a  pressure  ratio  of  1.4.  Conclept -l>-provides  discharge  conditions 
of  about  45  gr  of  moisture  at  41  psia  without  freezing.  At  the  assumed  IGG 
design  point,  this,  concept  would  yield  about  67  gr/lb  moisture  at  a  temperature 
of  47®F;  about  25  percent  of  the  turbine  work^is  used  to  drive  'the  fan. 

The  final  concept  shown  in  Figure  24  is  similar  to  concept  0,  except  that 
a  precooler  has  been  placed  Ln  front  of  the  compcejss^oii. — The  addition  of  the 
precooler  allows  this  bootstr^*^concept  to  provide  as  little  as  42  gr/lb  moisture 
at  32®F  at  the  assumed  IGG  design  point  inlet  pressure;  about  42.5  percent  of 
the  turbine  work  is  used  to  drive  the  fan.  This  concept  .las  about  twice  as 


t.  BOOTSTRAP  WITH  POWER  BALANCE  • 
NO  PRECOOLER  •  COMPRESSOR 
PRESSURE  RATIO  AS  KOUIREO  FOR 
POWER  BAUNCE 


BOOTSTRAP  WITH  BYPASS  VALVE  FOR  D.  BOOTSTRAP  WITH  FAN  FOR  POWER 

POWER  BALANCE  •  NO  PRECOOLER  BALANCE  -  NO  PRECOOLER 

COMPKSSOR  PRESSURE  RATIO  •  1.4  COMPRESSOR  PRESSURE  RATIO  >  1.4 


E.  BOOTSTRAP  WITH  FAN  FOR  POWER 
BALANCE  -  WITH  PRECOOLER 
compressor  pressure  ratio  1.4 


INUt  PRESSURE,  PSIA  , 

S- 59697 

Figure  24.  Outlet  Temperature  and  Moisture  Content  vs  Inlet 
Pressure  for  Selected  Simple  and  Bootstrap  Cycle 
Concepts-  -  Assumptions  per  Table  5 
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much  heat  transfer  surface  as  concept  0>  but  it  also  allows  more  ram-s^de 
pressure  drc^  across  the  heat  exchangers  since  it  has  more  power  available  for 
the  fan. 

Unlike  aircraft  environmental  control  systems  in  which  refrigeration  is 
required  to  maintain  the  cabin  and  equipment  at  the  desired  temperatures^  the 
IGG  only  requires  refrigeration  sufficient  to  bring  the  gas  discharge  tempera¬ 
ture  within  the  allowable  temperature  range  (from  32®  to  20C®F)  and  to  maximize 
the  moisture  removed  prior  to  discharge  into  the  tanks*  In  the  cycles  considered 
above;  the  discharge  gas  is  at  a  very  tow  temperature  (relative  to  the  allowable 
discharge  temperatures);  and  consequently  much  of  the  cycle  refrigeration  poten¬ 
tial  is  being  used  to  provide  cold  gas  and  not  to  provide  moisture  removal. 

Thus;  it  appears  worthwhile  to  consider  alternate;  or  variant;  cycle  concepts 
in  v^ich  most  of  the  refrigeration  is  used  for  moisture  removal;  with  the  result 
that  the  gas  is  discha,rged  at  a  higher  temperature;  but  considerably  lower 
moisture  content  than  /ithe  basic  simple  and  boot  strap,  cycles  discussed  above. 

In  these  variant  cycles  (whether  simple  or  bootstrap);  the  turbine  / 
discharge  flow  is  used  as  the  heat  sink  in  a  regenerator  to  further  cool  the 
gas  prior  to  its  expansion  across  the  turbine.  This  additional  cooling  causes 
additional  moisture  to  be  condensed  out  before  the  gas  is  expanded.  Figure  25 
shows  schematics  of  this  addition  to  a  cycle.  In  one  part  of  the  figure;  all 
of  the  turbihe  discharge  is  passed  directly  through  the  regenerator;  in  the 
other  part;  the  turbine  discharge  is  mixed  with  a  portion  of  the  discharge  from 
the  regenerator  by  a  jet  pump.  This  flow  recirculation  is  required  to  add 
sufficient  heat  to  the  turbine  discharge  to  prevent  it  from  freezing  if  it 
contains  any  condensed  moisture  and  if  its  unmixed  temperature  is  less  than 
32®F. 

In  these  vari^t  concepts;- the  water  separator  is  eliminated  by  the 
addition  of  the  re^nerator.  Thus;  these  cycles  can  show  a  weight  advantage 
over  concepts  requiring  a  water  separator  for  certain  output  flows.  However; 
the  main  advantage  is  the  improved  moisture  removal  capability  obtained  by  the 
addition  of  the  regenerator.  For  exan^le;  at  the  assumed  IGG  design  point;  a 
single  cycle  system  having  a  precooler  will  provide' gas  having  124  gr/lb 


A.  DIRECT  OUTPUT  -  NO  B.  REGENERATOR  WITH 

recirculation  recirculation  loop 


Figure  25.  Regenerator  Concepts 
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moisture  at  a  tenperature  of  7)°F;  adding  a  regenerator  with  a  recirculation 
loop  (recirculation  flow  is  twice  output  flow)  and  removing  the  water  separator 
results  in  an  output  at  having  only  60  gr/lb  moisture.  Thus>  the  regen¬ 

erator  has  reduced  the  output  moisture  by  slightly  more  than  a  factor  of  2  over 
that  for  a  system  without  a  regenerator. 

The  turbine  output  work  for  a  regenerated  cycle  will  be  less  than  that 
for  an  unregenerated  cycle  because  regeneration  decreases  the  turbine  inlet 
temperature.  Thus>  there  will  be  less  power  available  to  drive  the  fan  which 
is  used  to  provide  an  airflow  across  the  ran  side  of  the  heat  exchangers  while 
the  aircraft  is  on  the  ground.  This  then  either  decreases  the  allowable  heat 
exchanger  ram-side  pressure  drop  (hence>  increasing  heat  exchanger  size  and 
weight)  or  requires  a  separately-driven  ground  cooling  fan.  Thus>  although 
regeneration  decreases  the  output  moisture  content#  it  results  in  a  weight 
increase  in  all  the  cycle  heat  ext^hangers  (or  in  a  separate  fan)  in  addition 
to  the  weight  increase  due  to  the  jregenerator  itself. 


Figures  26,  27,  28,  and  29  show  the  di rect "cool ing,  vapor  cycle,  and  air 
cycle  (both  simple  and  bootstrap)  concepts  that  have  been  considered  for  the 
IGG.  In  all  concepts,  ram  air  is  passed  through  the  heat  exchangers  (or  condenser 
prior  to  passing  through  the  catalytic  reactor;  this  minimizes  the  amount  of 
ram  air  required.  Table  6  gives  the  outlet  temperature  and  moisture  content 
for'  the  various  cycles  for  the  assumed  design  point  conditions.  The  data  used 
in  deriving  the  performance  are  shown  in  Table  7. 


Direct  Cool inc 


^  Neit-her  of  the  direct  cooling  cycles,  either  catalytic  reactor  only 
(Figure  26A)  or  with  a  precooler  (Figure  26B) ,  can  accotrl^lish  any  moisture 
removal.  Therefore,  it  will  be  necessary  to  combine  the  rfirect  cooling  tech»- 
niques  with  the  refrigeration  techniques,  or  with  the  supplemental  moisture 
removal  techniques  (sorbent  beds)  in  order  to  obtain^a  low  outlet  moisture 
content. 


Vapor  Cycle 


All  three, of  the  vapor  cycle  concepts  shown  in  Figure  27  can  meet  the  IGG 
performance  requirements.  The  basic  concept,*  Figure  27A,  requires  external 
drive  power  of  about  1.2  kw/lb/min  of  inert  output  at  80  gr/lb  moisture  (see 
Figure  20  for  approximate  relation  between  compressor  drive  power  and  output 
moisture  content).  This  is  the  only  cycle  iniall  the  concepts  considered  that 
would  require  power  in  addition  to  that  obtainable  directly  from  the  inert  flow 
in  the  form  of  expansion^  /teither  the  two-wheiel  or  the  three-wheel  concepts 
have  been  analyzed  due  to  the  numerous  iterations  required  to  obtain  a  solution; 
however,  both  can  easily  meet  the  requirements.  Because  the  cycle  of  Figure  27B 
does  not  have  an  integral  ground  cooling  fan,  whereas  Figure  27C  does,  only 
Figure  27C  will  be  further  considered. 
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Figure  29.  Bootstrapr  Cycle  Cooling  Concepts 


3.  Simple  Ai r  Cycle 


Of  the  simple  air  cycle  concepts^  only  the  simple  cycle  combined  with  a 
precooler  and  a  regenerator  with  a  recirculation  loop  (Figure  280).  can  provide 
adequate  moisture  removal.  The  simple  cycle  with  a  precooler  (Figure  288}  gives 
close  to  the  desired  outlet  moisture  condition  (it  provides  124  gr/lb  ins\tead  . 
of  the  desired  80  gr/lb  moisture)  and  also  will  be  considered  further  sinte 
its  outlet  moisture' content,  can  be  lowered  to  the  desired  level  by  addition  of 
a  sorbent  bed.  \  Unfortunately*  using  improved  components  for  the  simple  cycle 
with  precooler*  such  as  an  87  percent  efficient  turbine*  a  97  percent -effective 
precooler*  and  a  90  percent  efficient  watdr  separator  will  only  ToWer  the  output 
to  87  gr/lb  moisture.  •  '  '  • 


4.  8oot strap  Air  Cycle  ^  i  • 

Four  of  the  bootstrap  cycle  concepts  (Figure  2-9A  through  29D)  can  meet  or 
almost  meet  the  desired  outlet  moistu«  content,  however*  the  additional  com- 
,pJexity  of  the  bootstrap  cycle  (In  co^arison  to  the  simple, air  cycle)  is 
uni^rranted  if  equivalent  performance  is  obtainable  with  a  simple  cycle.  Thus* 
only'those  concepts  providing  performance  exceeding  that  obtainable  with  a 
simple  cycle  system  should 'be  considered  further.  This  'limits  the  bootstrap' 
.ffCycle  concepts  to  those  of  Figure  298  (with  precooler)*  Figure  29p  (with 
regenerator  with  recirculation  loop)*  and  Ftgure.29D  (with  phecooler  and 
.  regenerator  with  recirculation  loop). 

However*  the  concept  of. Figure  29C  in  a  three-wheql  configuration  does  not 
have  sufficient  excess  turbine  power  available  to  drive  the  fan  If  a’  1.4  corn- 
pressor  pressure  ratio  is  assutned.  Thus)  this  concept  must  use  a  two-wheel  ’ 

•  bootstrap  with  a  separately  'driven  fan.  Using  a  lower  pressure  ratio  compressor 
to  reduce  the  compressor  power  sufficiently  to  allow  fan  pressure 'rises' equal 
to  the  0.47  psia  at  sea  level  obtained  by  the  concept  of  Figure  29D  (having  a 
precooler)*  results  in  output  conditions  having  a  higher  moisture  content  than 
that  obtainable  with  the'.simple  cycle  concept  of  Figure  28D. 


5.  Summary 

In  summary*  tlys  cycles  that  should  be  further  considered  are  as  follows:  - 

•  'Direct  cooling  with  precooler  and  sorbent  bed*  -with  ground  cooling 

'-I  j  fan 

•  ,  Single  vapor  cycle*  electrically  or  shaft-dr iven^  with  additional 
•  ground  cooling  fan  to  provide  airflow  across  condenser  and  cata¬ 
lytic  reactor 

*■  Compound  three-wheel  vapor/air 'cycle  with  integral  ground  cooling 
fan 

•  Simple  air  cycle  with  precooler  and  sorbent  bed 

e  Simple  air  cycle' v/ith  precooler  and  regenerator  with  recirculation 

loop  ,  , 


•  Three-wheel  bootstrap  air  cycle  with  precooler 

•  Two-wheel  bootstrap  air  cycle  with  regenerator  with  recirculation 
loop  with  separately-driven  ground  cooling  fan 

•  Three-wheel  bootstrap  air  cycle  with  precooler  and  regenerator'^ 
with  recirculation  loop 

’  Final  selection  of  the  best  moisture  removal  cycle  requires  combining  the 
information  presented  on -the  gas  cooling  concepts  with  that,§iven  on  supplemental 
moisture  removal  concepts  to  obtain  overall  system  performance  requirements; 
this  is  presented  at  the  end  of  this  section. 

SUPPLEMENTAL  MOISTURE  REMOVAL  "  ^  ^ 

Supplemental  moisture  removal  concepts  are  required  if  the  various  gas' 
cooling  concepts  can  not  provide  adequate  moisture  control •  The  two  classes  of 
supplemental  moisture  removal  that  can  be  considered  are: 

•  Water  coalesce)" /separator--A  device  that  coalesces  condensed  ‘  1 

•  water  fog  into  droplets  th^t  can  , be  separated  out  of  the  process 

flow. 

•  Sorbent  beds--Packed  beds  containing  a  desiccant  material  to  dry 

the  process  flow  . 

The  water  separator  is* only  effective  where  the  inlet  flow  contains  cbhUen^ed 
moisture  (relative  humidity  great>^r  than  100  percent);  the  sorbent  beds  can 
provide  moisture  removal  for  inlet^  relative  humidit ies  both  above  and  below! 
saturation.  ,  '  «  , 

»'  i  ** 

^  For  the* IGG  application,  the  water  separators  can  be  used  on  the  discharge 
flow  from  expansion  turbines.  The  cycles. considered,  for  gas  cooling  included 
water  separators  on  the  turbine  discharge  of  thos.e  cycles  i^o  which  the  flow 
contained  condensed  moisture. 

*  f  f. 

The  sorbent  beds  can  be  used  on  the  discharge  flow  from  all  of  the  gas 
cooling  cycles  considered  previously;  however,  their  best  pferformance  is  -= 

obtained  wfien  the  inlet  f  low  is  at  a 'relatively  low  tempera|ture. 

.1 

Water  Separators/Coalescers 

In  general,  the  water  di^charge^  from  a  turbine  consists  of  very  fine  mist 

having  a  drop  size  varying' from  0.1  to  I  x  in.  The  drop  size  for  a  par¬ 

ticular  turbine  Is  directly  dependent  upon  the  turbine  discharge  pressure  and 
is  inversely  proportional  to  the  rate  at' which  the  expansion  occurs.  For  air¬ 
craft  use,  it  is  desirable  to  minimize  the  weight  of  the  turbine,  so  that  the 

expansion  rate  is  normally  quite  high,  thus,  the  drop  size  Approaches  0. !  x  iO 
in.  This  size  is  far  too  small  to  allow  centrifugal .separation  ©f  the  droplets 


from  the  Inert  flow.  Tests  at  ’A  I  Research  Manufacturing  Comfjaoy  have  indicated 
that  centrifugal  separators  having  gravity  fields  as'  high  as  2000  g*s  produce 


produce 


little  or  no  separation  of  droplets  at  sizes  bel‘ow  about  5  x  lO"'*'  in.  Gravity 
fields  this|high  require  substantial  flow  velocities^  resulting'in  large  pressure 

drops  acrosi  the ’’separator.'  .Drop  sizes  of  50  to  lOb  x’lO”^  in.  are. required 
before  the  Separation  velocities  are  lowered  to  a  reasonably  level.  Thus^it 
is  necessary  to  merge  the  small  droplets  at  -the  turbine  discharge  into  larger 
droplets  prior  to  passing  them  into  a  centrifugal  separator  ( ideal  I y  series 
of  swirled  vanes'  in  the  flow  stream).  .  ‘  ' 

'  .  ‘  '  r 

"  There  are  two  practical  ways  ih  which  the  droplet  size  may  be  increased: 

a  Coaguiat  ion*--AI  low  the  droplets  toime»*ge  into  larger  drops  naturally 
by  joining  together  as  they  coli  ide  with  one  another  in  the  flow 
stream. 

•  CoalescViTce-r^rovid'e  ah  artificial ,  surface  on, which  the  droplets 
can  .impact  an^  run  together  mto  larger  drops/,  they  will  be  blown 
off  the  surface  when  the  accumulated;moisture  is  such  that  the 
combined  drag  and, gravity  f\orces  offset  the  surface  tens iorj.  effects 
of  the  smat  I  drops.’.  / 

» •:  *  ,  %  I 

Either  of  these  iMys  will  accomplish  the  desired  effect;  however^  coaguiatio'n 
requires  a  considerable  length  of  duct  between  the  turbine  discharge  and  the 
centrifugal  separator.  This  can  best  be  understood  by  recogniz'ing  that  1000 

I  X  lO”^  in.  droplets  must  impact  w.lth  one  another  to  coagulate •  into  .10  x  10 
in.  drop;  the  time  for  this  process  to  occur  can  be  translated  directly  into 
required  combinations  of  duct  length  and  flow  velocities  between  the  turbine 
discharge  and  the  centrifugal  separator.  Consequent  I y#'  thy  preferred  method 
for  aircraft  environmental  control  systems  is  to  utilize  a  coale, seer  bag  which 
provides  an  artificial  surface  for  coalescence. • 

Coalescer  bags  consist  of  a  random  mesh'of  fine  threads  having  numerous 
very  fine  dentriles^  or  nap^  protruding  from  the  thread.  It  is  this  nap  surface 
that  accomplishes  the  moisture  coalescence.  However,  this  surface  is  suscep¬ 
tible  to.  bl'ocKage^bV  dirt  or  foreign  particles  in  the  process,  fjow  so  that  it 
becomes  necessary  to  periodically  replace  the  coalescer  bag,  This  is  a  rela¬ 
tively  minor  maintenance  item,  and  the  bag  replacement  cost  ,Is  low.  ‘  ' 

The  overall  efficiency  of  the  coalescer/separator  unit  is  primarily 
dependent  upon  the  ability  of  the  bag  to  coalesce  all  of  the  incoming  moisture 
into  drops  large  enough  to  be  handled  by  the  centrifugal  separator.  Some  of  - 
‘the  incoming  moisture  does  not  coalesce  into  adequately-sized  drops  so  that , the 
.  separator  output  st i fl,  conta ihs  entrained  moisture.  Coalescer  efficiencies  of 
about  90  percent  have  beep  obtained;  hbwever,  8,0  percent  is  a  more  realistic 
efficiency  over  the  life  of  the  coalescer  bag.  .  .  , 
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It  should  be  noted  that  moisture  removal  can  be  accomplished  with  nearly 
100-percent  efficiency  by  condensing  within  a  heat  exchanger-  Thus,  it  is 
preferable  to  use  cycles  having  he'at  exchanger  ccndensat  i (  n  father  than  turbine 
condensation  with  water  separation  if  a  low  output  moisture  content  is  desired. 

Sorbent  Beds 

Sorbent  beds  can  be  divided  into  two  classes:  direct  flow  and  regenerable. 
In  direct  flow  beds  all  of  the  proceis  flow  passes  through  a  single  bed  which 
is  sized  tor  a  given  interval  between  replacement,  or  on-ground  regeneration. 

Ip.  regenerable  beds,  two  beds  are  used  with  the  flow  alternating  between  the 
two;  one  bed  is  removing  moisture  from  the  process  stream  v;hile  the  other  is 
being  regenerated.  Regeneration  can  be  accomplished  by  heating  the  bed  to 
drive  out  the  water,  by  reducing  bed  pressure  and  using  a  part  of  the  dried 
gas  to  flow  through  the  bed  to  absorb  the  water,  or  by  a  combination  of  both 
processes. 

I.  Sorbent  Material  Selection 


.  Table  8  lists  the  sorbent  materials  that  appear  attractive  for  the  IGG 
application.  In  comparing  the  drying  agents,  four  specific  characteristics  are 
of  Importance:  I  stability  cf  v.ater  leading  with  operating  temperature, 

2  high  water-loading  capacity  at  low  water-vapor  partial  pressure,  ;3  total 
v;ater-holding  capacity,  and  ^  a  low  heat  of  reaction.  Based  on  these  criteria, 
13-X  molecular  sieve  and  silica  gel  are  the  ootinum  materials. 


TABLE  8 

SORBENT  CHARACTERISTICS 


Material 

Heat  Released 
per  lb  Water, 
Btu 

Remarks 

Boric  acid 

1400 

Low  dynamic  removal  efficiency* 

Calcium,  chloride 

1440 

Low  dynamic  removal  efficiency* 

Calcium  sulfate 

1700 

Many  liquid  solution  phases* 

Lithium  chloride 

1480 

Low  dynamic  removal  efficiency* 

Potassium  hydroxide 

2290 

Bed  caked* 

Molecular  sieve  13-X 

1425 

High  dynamic  removal  efficiency 

Silica  gel 

1450 

High  dynamic  removal  efficiency 

♦Based  on  American  Cyanamid  report  AFAPL-TR-69-68 
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Both  silica  gel  and  iS-X  mol  sieve  are  commonly  used  in  life  support 
systems  for  atnK>spheric  gas  processing,  and  they  have  been  specifically  developed 
as  industrial  drying  agents  which  exhibit  stability  with  temperature  variations 
and  are  not  subject  to  caking*  Also,  both  materials  can  be  easily  regenerated 
without  degradation* 

Figure  30  conpares  the  water-holding  capacity  of  silica  gel  with  that  of 
molecular  sieve*  The  data  show  that  the  water-holding  capacity  of  silica  gel 
is  greatly  affected  by  operating  temperature,  particularly  at  high  water  partial 
pressure.  The  13-X  material  exhibits  a  relatively  small  water-holding  change 
with  temperature*  Based  on  these  data,  molecular  sieve  provides  a  lower  weight 
sorbent  bed  for  low  inlet  water  pressures  than  does  silica  gel;  on  the  other 
hand,  silica  gel  provides  superior  performance  at  water  pressures  exceeding 
5  to  to  mm  Hg*  Figures  31  and  32  give  detailed  test  data  on  the  water-loading 
performance  for  silica  gel  and  molecular  sieve;  the  data  in  these  figures  have 
been  used  as  the  basis  for  determining  the  sorbent  bed  weight* 


Figure  30.  Sorbent  Characteristics  Comparison 


S-5273?-A 


2*  Direct  Flow  Beds 


Figure  33  shows  the  weight  of  both  silica  gel  and  13-X  molecular  sieve 
beds  required  to  provide  an  outlet  moisture  content  of  80  and  20  gr/lb*  The 
data  assume  that  the  inlet  gas  is  saturated  with  moisture*  Clearly,  molecular 
sieve  provides  better  performance  at  the  higher  inlet  temperatures  and  silica 
gel  is  best  at  the  lower  temperatures. 


If 


(.HjO.  m  Hq 


Figure  31.  Silica  Gel  Water-Loadinq  Data 


Figure  32.  13-X  Molecular  Sieve  Water-Loading  Data 


50 


Because  substant'a!  heat  is  released  to  the  process  flov;  as  moisture  is 
absorbed,-ll-becomes  necessary  to  provide  bed  cooling  for  inlet  temperatures 
exceeding  about  H4®F  (saturated  at  186  gr/lb  at  35  psia!  if  the  outlet  is  to 
be  maintained  below  200®F  and  80  gr/lb  moisture  or  less.  Thus,  sorbent  beds, 
whether  direct  flow  or  regenerative,  are  limited  to  reasonably  low  inlet  moisture 
contents  (in  comparison  to  the  moisture  content  at  the  catalytic  reactor  outlet' 
if  they  are  to  be  operated  without  a  bed  cooling  system.  Consequently,  it  is 
essential  to  provide  moisture  removal  and  gas  cooling  between  the  catalytic 
reactor  output  and  the  sorbent  bed  inlet. 

The  weight  data  on  Figure  33  exclude  an  allowance  for  the  bed  structure 
and  control  valving.  However,  the  data  indicate  that  there  Is  a  substantial 
weight  associated  with  a  direct  flov;  sorbent  bed*  For  example,  a  bed  designed 
for  replacement  or  regeneration  after  processing  1000  lb  of  inert  vi/ould  weigh 
about  175  lb  based  on  an  inlet  of  35  psia  and  90®F  and  an  outlet  of  80  gr/lb- 


Reg^enerable  Beds 


It  is  possible  to  reduce  the  amount  of  scibent  material  and  to  eliminate 
the  need  for  sorbent  replacement  if  regenerable  beds  are  used.  These  beds,  as 
shown  in  Figure  34,  operate  in  a  cyclic  mode  in  which  one  bed  is  absorbing 
water  while  the  other  is  being  desorbed.  For  desorption,  a  portion  of  the 
processed  flow  (dried  inert!  is  passed  through  the  desorbing  bed  at  a  reduced 
pressure. 


< 
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Figure  34.  Regenerable  Sorbent  Bed  Schematic 


The  regenerable  concept  as  shown  is  similar  to  tliat  patented  by 
C.  W.  Skarstrom  of  Esso-  The  performance  data  for  this  concept  have  been  calcu¬ 
lated  by  AiResearch,  but  they  indicate  performance  consistent  with  that  predicted 
by  Esso. 

Figure  35  shows  the  sorbent  bed  vreight  as  a  function  of  the  inert  inlet 
temperature  assuming  that  the  inlet  flow  is  saturated  with  water*  The  data 
indicate  that  the  sorbent  weight  is  considerably  less  than  that  required  for 
direct  flow  sorbent  beds;  additionally,  the  temperature  increase  across  the  bed 
is  almost  negligible  'about  5°F'  since  the  beds  are  operating  in  a  transient 
state.  Hov^ever,  a  significant  portion  of  the  bed  flow  is  used  to  regenerate 
the  desorbing  bed*  For  the  conditions  shown  psia  inlet  pressure,  14/  ps/a 
desorbing  pressure',  0.38  lb  of  dt led  inert  must  be  passed  through  the  desorbing 
bed  and  vented  to  ambient  for  every  1  lb  of  inert  input  to  the  beds*  Thus,  it 
is  necessary  to  input  about  1*6  lb  of  inert  for  every  I  lb  out  of  the  beds* 
Consequently,  it  will  be  necessary  to  use  larger  catalytic  reactor  and  gas 
cooling  equipment  with  concepts  emp’oying  regenerable  sorbent  beds* 

It  is  possible  to  reduce  the  amount  of  flow  used  for  regeneration  by 
reducing  the  desorbing  pressure*  For  example,  at  5  psia  desorbing  pressure, 
the  beds  would  only  require  about  1.15  lb  inert/lb  output*  However,  at  the 
assumed  design  point,  this  would  rciuire  a  vacuum  pump  on  the  discharge  line* 
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INLET  TEMPERATURE,  °F 

Figure  35.  Regenerable  Sorbent  Bed  Weight  s-s97oo 

SYSTEM  SYNTHESIS  AND  SELECTION 

The  studies  of  the  inert  gas  source,  gas  cooling  and  moisture  removal, 
and  supplemental  moisture  removal  concepts  have  served  to  reduce  the  number  of 

techniques— t-het— ere  a<xefiteble -for— the-  IGG-appl  icat  ion.  In  particuIer-,--xiiese - 

studies  have  narrowed  the  candidate  concepts  to  the  following: 

a  Inert  gas  sources 

Ram  air-cocled  catalytic  reactor 

•  Gas  cooling  and  moisture  removal 

Direct  cooling  with  precooler  and  sorbent  bed,  with  ground- 
cool  ing  fan 

Simple  vapor  cycle,  electrically  or  shaft-driven,  with 
ground-cooling  fan 

Compound  three-wheel  vapor/air  cycle  with  integral  ground- 
cool  ing  fan 

Simple  air  cycle  with  precooler  and  sorbent  bed 

Simple  air  cycle  with  precooler  and  regenerator  with 
recirculation  loop 
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Three-wheel  bootstrap  air  cycle  with  precooler 

Two-wheel  bootstrap  air  cycle  with  regenerator  with  recircu¬ 
lation  loop  v;ith  ground-cooling  fan 

Three-wheel  bootstrap  air  cycle  wi th. precooier  and  regenerator 
with  rec  i  rcL.  1  at  ion  loop 

«  Supplemental  moisture  remo'al  techniques 

Water  separators  , included  in  gas-coaling  concepts,  where 
necessary 

Direct  flow  sorbent  beds 
Regenerable  sorbent  beds 

Since  catalytic  reactors  have  been  found  to  be  the  only  competitive  Inert  gas 
source,  it  is  possible  to  establish  the  optimum  system  configuration  by  confining 
all  further  tradeofts  to  the  gas-cooling  and  moisture  removal  concepts  and 
supplemental  ruWstore  removal  concepts* 

Selection  Criteria 


The  criteria  used  to  select  the  inerting  system  are  as  follows: 

•  Performance — moisture  removal,  ten^erature,  and  efficiency 
(  lb  bleed/lb  inert 

•  Weight 

- • - ^^44atH4-i-ty - - — - 

•  Ma i nta i nab i 1 i ty 

•  Cost 

I  -  Performance 


Since  all  concepts  use  the  same  inert  gas  source,  their  gas  composition 
is  identical.  However,  the  moisture  level  and  the  temperature  of  the  inert 
Into  the  tanks  are  different  for  each  concept-  It  is  essential  that  each 
concept  meet  the  specification  moisture  ^less  than  80  gr/lb'  and  temperature 
.between  32°  and  200°F^  requirements  at  the  assumed  desi.gn  point;  thus,  some 
concepts  require  sorbent  beds  to  reduce  the  moisture  content  to  the  desired 
level.  However,  within  the  acceptable  moisture/temperature  envelope,  there  is 
little  incentive  for  improved  performance-  Lower  moisture  contents  represent 
an  advantage,  but  the  desired  level  has  been  selected  such  that  fuel  gaging, 
tank  bacteria  growth,  or  other  water  associated  problems  would  not  occur.  A 
slight  advantage  of  low  moisture  contents  is  that  they  reduce  the  amount  of 
acid  .such  as  H2SO2!  delivered  to  the  tanks. 


Another  indicator  cf  the  concept  performance  is  the  cycle  efficiency  in 
terms  of  total  bleed  fiow,or  bleed  flow  and  electric  power,  required  to  operate 
the  cycle.  Some  cycles  use  g round -coo 1 ing  fans  and  compressors  that  must  be 
driven  from  an  externa]  power  source,  either  electrically  or  pneumai ical ly. 

Thus,  their  efficiency  (measured  in  bleed  quantity  necessary  to  generate  I  lb 
inert,  for  an  al I -pneumat ic  drive)  is  less  than  that  for  concepts  requiring 
no  external  power.  The  concepts  using  regenerable  sorbent  beds  vent  a  portion 
of  the  flow  in  order  to  accomplish  regeneration;  thus,  the  bleed  requirements 
for  such  systems  are  Increased  also. 

2.  Weight 

There  are  strong  incentives  to  minimum  system  weights  for  high-performance 
military  aircraft*  High  subsystem  weights  reduce  either  the  range  or  the  pay- 
load  of  the  aircraft.  System  weight  includes  both  the  fixed  vi/eight  of  the 
components,  and  the  weight  of  the  fuel  required  to  operate  the  system.  The 
fuel  weight,  in  turn,  is  made  up  of  three  quantities:, 

a  Fuel  used. by  the  reactor  to  generate  the  inert  gas 

a  Fuel  used  by  ttie  engine  to  provide  bleed  air  to  the  inerting 

.  system 

a  Fuel  used  by  the  engine  *o  offset  the  additional  drag  imposed 
by  using  ram  air  to  cool  the  inerting  system  heat  exchangers 

For  evaluation  purposes,  it  is  assumed  that  the  aircraft  will  fly  the 
typical  missions  defined  in  Section  4  of  the  inerting  system  specifications* 
Additionally,  it  is  assumed  that  at  least  three  missions  ^s.ix  refuelings  must 
be  flown  between  direct  flow  sorbent  bed  replacement.  Estimates  of  fuel  weight 
penalty  are  dependent  upon  the  details  of  the  system  operation,  and  hence. are  not 
included  in  this  section. 

3.  Re  I iabi I i tv 

Although  the  inerting  system  will  be  used  throughout  the  flight,  its 
operational  status  is  not  essential  to  mission  performance.  Loss  of  the  inerting 
system  is  highly  undesirable,  but  it  in  itself  does  not  cause  any  reduction  in 
performance  capability;  performance  reduction  only  occurs  if  the  inerting 
syjtem  is  inoperative  and  if  the  fuel  tanks  are  subjected  to  a  condition  that 
will  cause  a  tank  fire* 

4.  rtaintainabil Ity 

Inerting  systems  can  be  justified  for  military  aircraft  since  their 
installation  should  increase  the  effective  fleet  size  by  reducing  losses  in 
action.  However,  the  maintainabi 1 ity  of  the  inerting  system  is  important  since 
the  maintenance  requirements  of  the  system  could  tend  to  increase  Lfi®  amount 
of  aircraft  down-time  (thereby  reducing  the  effective  fleet  size'. 
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Unscheduled  maintenance  actions  are  a  function  of  the  system  Reliability; 

.the  time  to  perform  the  action  is  dependent  upon  the  system  configuration,  the 
location  on  the  aircraft,  etc.  Assuming  equivalent  configurations  for  the 
various  systems,  the  reliability  indicates  their  relative  unscheduled  mairttenance 
ti(te.  Scheduled  maintenance,  on  the  other  hand,  is  primarily  dependent  upon 
thd  life  capabilities’  of  the  various  system  components.  Of  the  gas  cooling 
and  moisture  removal  components,  only  the  water  separator  and  the  direct  flow 
sorbent  beds  v;i  1 1  have  high  scheduled  maintenance  requirements.  The  water 
saparator  will  require  periodic  replacement  of  tKe  coalescer  bag,  and  the  sorbent 
bed  material  will  require  periodic  replacement  or  regeneration. 


For  military  combat  aircraft,  there  is  a  strong  incentive  to  optimize 
performance;  thus,  cost  is  generally  only  an  important  selection  criterion 
when  two  candidate  systems  are  approximately  equivalent  in  the  various  classifi¬ 
cations  listed  above.  For  the  inerting  system,  the  bulk  of  the  cost  wi IT  be  • 
'in  the  system  controls  and  the  catalytic  reactor;  components  common  to  all 

candidate  concepts.  ^ 

,  « 

6.  Weighting  Factors 

The  following  weighting  factors  have  been  used  to  eva luat ing  the  various 
cooling  and  moisture  removal  concepts: 

•  Performance  1.0 

•  Weight  .1,0 


Re  I  lab i 1 i ty 
Ma  1 nta i nab i I i ty 


It  should  be  noted  that  reliability  itself  Is  not  as  Important  as  is  maiatain- 
ability  since  inerting  system  operation  is  not  critical  to  successful  mission 
performance.  However,  When  considered  together,  the  weighting  factor  given  to 
reliability/maintainability  (1.4!  indicates  that  this  is  the  most  important 
design  selection  criterion.  . 

An  alternate  method  of  establishing  the  optimum  concept  is  to  perform  the 
rating  on  the  basis  of  three  levels  of  criteria:. 

•  Absolute  Criteria — Certain-minimum  criteria  that  must  be  met  if 
the  concept  is  to  be  considered — for  the  IGG,  the<-only  absolute 
criteria  are  t has  performance  criteria  concerning  moisture  content, 
temperature,  and  gas  composition  of  the  inerted  gas  , 
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•  Highly  Desirable iCr iter ia->The  rei iabi Mty/maintainab! 1 ity  and 
weight  of  the  inerting  system  are  the  most  important  parameters 
governing  inerting  concept  selection  for  concepts  having  cdmpa-^ 
rable  performance.  (Note  that  weight  includes  weight  penalty' 
attributable  to  fuel  required  to  generate  bleed  air  and  to  off¬ 
set  ram  ai r  drag.) 

-'j'  \  '  '  '' 

e  Desirable  Criteria--Additional  criteria  that  are  desirable,  but 
of  lesser  importance  are  the.  volume  of  the  inerting  system  and 
its'cost  ^  V 

This  tiered-criteria  concept  is  reflected  in  the  weighting  factors  assigned 
tp'the  various  selection  criteria.  If  is  additionally  reflected'in  the  fact'  ' 
that  several  of  the  candidate  concepts  are  el  iminated  f  rom  further  cons i^de rat  ion 
when  the  quant  i  tat  ive '.data  show  excessive  weight  and  volume,  or  Inability  to. 
meet  the  minimum  performance  criteria. 

-  /  t_i 

Concept  Quantitative  Data  ’<  ■ 

Table  9  summarized  thes^qyanfi  tat  iv.e  data  for  each  of  II  cooling  and 
moisture  removal  cohcepts.  ^Previous  analyses  of  the  gas  cooling  and  moisture 
removal  concepts  and  of  the  supplefft^tal  moisture  ren^^l  concepts  have  served 
to  reduce' the  candidate  concept s''fo  the  II  Shown  in  the  table.  The  data  shown 
indicate  that  the  direct  cooling  concepts.  Concepts  I  and  II,  can  be  el  iminated.*' 
as  inerting  system  candidates  due  to  inability  to  mieet  the  minimum  performance 
criteria  (Concept  I)  and  exces'sive  weight  (Concept  II). 

'}  '  *  *  .  ♦  ** 

I.  Performance  '  '  . 

The  moisture  and  temperature- performance  data  are  thgse  of  Xabl#  7, 
modified  by  the  effects  6f  adding  sorbent  beds  as  required.  The  blee^air 
\isage  data  ate  based 'on  a^stng“the"gT(sma~cooT^hig~fan~fTDT^O  peTC"ent~Df  ttie 
delivered  flow  (fan  requires  about  0.4  lb  blqed/lb  inert),  on  requirijng  about 
1.7  lb  bleed/lb  In^rt.to  power  a  Freon  compressor  if  pneumatically  driven  (about 
1.2  kv  r  electric  drive),  and  on  losing  38  percent  of  gas  f>ut  through  regen- 
er^ble  sorbent  beds. 

'■  .  -  . 

The  data  Indicate  that  all  concepts  except  Concept  I  can  meet  the  minimum 
moisture  content  anp  temperature  requirements  at  the  assumed  design  point. 

Addut ional ly,  calculations  at  other  operating  points,  such  as  ground  operation 
or  subsonic  cruise,  indicate  that  all  concepts  can  provide  lowerwnoi sture  con¬ 
tents  at  those  operating  conditions. 


2.  Weiqht 

- —  5 

Tables  10  and 'l  l  give  fixed  weight  bf^akdowns  for  each  of  the  candidate 
concepts  for  the  TFA"  and  B-l  aircraft.  The  tables  include  the  catalytic 
reacton,  duct ing,  fire'  Insulation,  and  system  controls  weights  (gas  distribu¬ 
tion  lines  and  valving  on  the  tanks  are  excluded).  The  data  are  based  on  the 
component  weight  vs' inert  flow  graphs  shown  in  Figures  36  through  46.  Table  II 
assumes  that  the  catalytic  reactor  is  sized  for  the  maximum  emergency  descent  . 
flow  of  200  lb  per  min.  Later  studies  indicate  that  the  emergency  descent  -flow 
can  bypass  ^e  reactor,  thus  reducing  the  reactor  size. 
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INERTING  CONCEPT  WEIGHT  SUMMARY  FOR  B-l  AIRCRAFT* 


&♦»  Cw>  Wo»»tw 


Cdmonant 

'  1 

11 

111 

tv 

*  ^ 

VI 

Vll 

Via 

IS 

1 

a 

Catalytic  Raactor 

195 

•95 

*95 

195 

BB 

195 

'95 

•95 

'95 

>95 

mm 

Ina'l/Air  Prycoo'ar 

•52 

255 

. 

MM 

255 

»52 

•60 

>60 

at 

7# 

■B 

79 

a 

53 

53 

Inart/fwal  tracoolar 

25 

52 

iHH 

25 

a 

23 

25 

23 

7 

■0 

B 

7 

■b 

7 

7 

7 

Inart/Air  Naat  CKcMn9ar 

. 

BBB 

• 

165 

<50 

*65 

bb 

50 

55 

|nar(/F«#al  H«at  (sCMan^r 

. 

. 

. 

BHH 

IBBI 

'  7 

BB 

■B 

■■ 

bib 

5 

■■ 

Wm 

Ra^narator 

. 

. 

. 

. 

■bb 

.. 

210 

bbi 

670 

670 

bH 

•05 

BIB 

3*0 

3»C 

f  raon  evaporator 

• 

- 

25 

25 

25  * 

B 

• 

• 

Fr«on/Air  Condanaar 

• 

- 

50 

50 

mm 

• 

• 

- 

- 

- 

Fraon/Fwat  CenaartMr 

— TT 

■- 

•5 

'5 

mm 

- 

■ 

- 

S<ml*  Cyda  ACM 

- 

■ 

■ 

• 

■ 

25 

32 

23 

-  1 

- 

•ootvtrao  Cycta  ACM 

- 

- 

■ 

- 

• 

3' 

\ 

3* 

Fraon  Com'aavor  and  Accumtaior 

- 

■ 

95 

59 

4b 

•- 

- 

■ 

-■ 

Ground  CooM«»9  Twrt«fan 

22 

22 

22 

22 

- 

- 

-• 

- 

’1 

\ 

watar  Saparator 

- 

• 

9 

t 

1 1 

- 

9 

- 

Sorbant  tadv 

vary 

Orar 

. 

. 

90 

'15 

. 

- 

iarta 

<600 

_ 

tontrela  and  Valviof 

3t 

46 

42 

42 

5« 

M 

46 

39 

39 

IM*ctin9  and  MHcaltanaeut 

54 

54 

54 

54 

5a 

54 

54 

54 

— i: — 

54 

5a 

Total  waifMt,,  It 

*9^y 

ovar 

496 

45l 

all 

575 

900 

>55 

'53 

«S45 

tarfa 

IlOO 

455 

601 

460 

456 

696 

739 

■9 


In  ara  for  atuitn^  Maat  a«cMAfar» 


1 


memmsmr. 


INERT  FLOW,  LB/MIN 

Figure  36.  Ram  Air-Cooled  Catalytic  Reactor  Weight 

The  data  on  sorbent  beds  given  earlier  in  Figures  33  and  35  indicate  that 
there  is  a  large  v/eight  penally  attributable  to  operating  the  beds  at  elevated 
inlet  temperatures.  Thus,  the  sorbent  bed  weights  for  Concept  I  are  so  large 
as  to  be  outside  of  the  available  data;  thus,  Concept  I  can  be  eliminated  from 
furttier  consideration. 

Similarly,  for  Concept  VII,  it  is  necessary  to  add  a  vacuum  pump  on  the 
regenerable  bed  discharge  line  to  provide  some  means  of  lowering  the  bed  pressure 
during  regeneration.  It  should  be  noted  ttiat  this  concept  has  reduced  the 
oressure  Inlet  to  the  beef  to  about  16  psia,  in  comparison  to  the  35  psia  at 
which  bleed  air  is  assunied  to  be  available  at  the  design  point* 

For  the  TFA  aircraft,  the  components  are  all  sized  for  the  maximum-flow 
capability  of  the  system,  20  Ib/min-  For  the  B-l  aircraft,  the  cooling  compo¬ 
nents  are  sized  fur  the  "laximum  normal  operation  flow  requirement  of  67  Ib/min 
since  the  emergency  descent  flow  is  obtained  by  bypassing  the  gas  cooling  and 
moisture  removal  equipment,  routing  the  flow  directly  from  the  catalytic  reactor 
into  the  fuel  tanks.  Additionally,  for  the  concepts  using  regenerable  sorbent 
beds,  the  components  upstream  of  the  beds  have  been  sized^for  1.6  times  the 
required  flows*  The  direct  flov/  sorbent  beds  are  sized  for  three  typical 
missions  without  replacement;  thus,  the  TFA  beds  are  sized  for  210-lb  through- 
flow,  the  B-l  for  1990-.^  throughflow.  -It  should  be  noted  that  the  typical 
missions  defined  in  the  inerting  system  spec i f icat i ons (Appendixes  A  end  B) 
have  inflight  refueling;  thus,  the  sorbent  beds  are  sized  for  about  six  aircraft 
refuelings.  These  bed  sizes  exclude  the  effects  of  gas  flows  required  for  fuel 
scrubb i ng. 
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future  37  Vdpor  Cycle  Heat  Trafister  Surface  weight 
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Figure  40.  Inert/Ram  Air  Heat  Cxchanger  Wel9ht 
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Figjre  38.  Vapor  Cycle  Aotatmg  Cou*oA«nt  Weight 


Flqu'^e  *1.  Irvert/Fuel  Prccoolcr  Weight 


INCBT  now.  LB  HR  MIN 

fiq.irc  ^9  If>Crt/P.t<^  Air  Pfrcoolcr  Weight 


20  *0  60  80  too  120  1*0 

0CS16N  IMCAT  FLOW.  LB7M1N 


Fiqufc  *2.  loert/Fuel  Heat  Cxchangcr  Weight 
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3»  Reliability 

The  rel iab ib i I i ty  data  given  in  Table  9  for  each  concept  only  consider  the 
major  cooling  atid  moisture  removal  components.  A  more  detailed  analysis  would 
indicate  that  most  of  the  inerting  system  failures  are  attributable  to  the 
ancillary  components,  such  as  valves,  controls,  etc*  The  data  are  based  on  the 
component  MTBF  information  shown  in  Table  12.  These  MTBF's  are  indicative  of 
1970  best  practice  design. 


TABLE  12 

SELECTED  COMPONENT  RELIABILITY  DATA 


Cofnpnent 

KraF, 

Equipment 

Operettng 

hr 

fel lure 
Aete 

X  lO"*  hr 

Cenponent 

KTBF, 

Equipment 

Operating 

hr 

Fel  lure 
Hate 

X  lo"*  hr 

Ineft/air  precoolar 

200,000 

5 

Freon/fuel  condenser 
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•  0 
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10 

Shaft-driven  Freon  compressor 

20,000 
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Simple  cycle  ACM 
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40 

Electric  motor-driven  Freon 
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25 

TMO.«rh«al  bootstrap  ACH 
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40 
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40 
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soo 

Inert /air  heat  exchanoer 

200,000 

5 

Uatar  separator 
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to 

Inert/fuel  hMt  excheeger 
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10 

Turbofen 

25,000 

40 

Aegeoeretor 

•50,000 

6  7 

Turbofen  shutoff  valve 

25,000 

40 

Freon  evapwator 

SO, 000 

20 

Direct  fICM  sorbent  bed 

500,000 

5.5 

so,  000 

20 

degenerative  sorbent  beds 

20,000 

50 

Concept  Evaluation  Matrix 

Table  13  presents  an  evaluation  matrix  for  the  candidate  concepts,  showing 
the  relative  ratings  for  each  concept  for  each  of  the  five  selection  criteria. 

The  total,  weighted  rating  for  each  concept  combines  the  individual  ratings 
according  to  the  weighting  parameters  described  previously. 

Sased  on  this  information,  the  optimum  catalytic  reactor  inerting  concept 
for  both  the  TFA  and  B-l  aircraft  consists  of  a  ram  air-cooled  catalytic  reactor 
supplying  inert  flow  to  a  precooler,  followed  by  a  simple  air  cycle  using  a 
regenerator  with  a  recirculation  loop.  Figure  47  shows  a  simplified  schematic 
of  the  selected  concept.  ' 
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COOLING  AND  MOISTURE  REMOVAL  CONCEPT  EVALUATION  MATRIX 
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Based  on  7.0  for  ffleet}n9  80  gr/tb  and  less  than  200^F,  with  up  to  1.0  for  lowered  moisture  level>  and  up  to  2.0  for 
lowered  drive  power  requi rement < 

Based  on  llrHsar  plot  of  weight  vs  rating,  assigning  1.0  to  heaviest  excluding  concepts  I  and  2  based  on  fixed  weight  only 
Based  on  5.0  assigned  to  controls,  etc,  for  all  cycles. 

Scaled  by  reliability,  with  i.O  less  for  sorbent  bed  changing  and  0.5  for  water  separator  coalescer  bag  changes. 


Figure  47.  Selected  Inert  Gas  Generator  Simplified  Schematic 


The  selected  concept  retains  its  v^eight  advantage  over  a  broad  range 
inf  low  quantities  since  most  of  the  system  weight  is  independent  of  the  inflovJ 
quantity.  And  changes  in  the  flow  v;i 1 1  not  affect  the  rating  of  this  concept 
relative  to  the  others  for  reliability,  maintainability,  cost,  or  volume.  Also, 
minor  alterations  in  the  relative  emphasis  given  the  various  selection  criteria" 
will  not  alter  the  concept  selection  since  Concept  VIII  has  a  rating  several 
percent  higher  than  the  next  highest  concept  ^Concept  VI'.  Additionally,  it 
should  be  noted  that  the  weight  of  Concept  VIII  is  potentially  reducible  rather 
considerably  if  aluminum,  instead  of  stainless,  heat,  exchangers  *  are  feasible. 

The  weight  of  Concept  VI  will  not  be  changed  much  by  this  possibility. 
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SECTION  III  . 

BASELINE  LIQUID  NITROGEN  INERTING  SYSTEM 
PRELIMINARY  DESIGN 


INTRODUCTION 

This  section  summari2es  the  performance  capabilities  of  a  liquid  nitrogen 
inerting  system  designed  for  the  B-l  aircraft.  The  liquid  nitrogen  system 
design  can  be  used  as  a  baseline  for  comparison  withj:he  inert  gas  generator 
system.  Liquid  nitrogen  inerting  systems  have  undergone  flight  testing  on  a 
variety  of  aircraft  and  aie  sufficiently  developed  to  be  applied  to  production 
aircraft  without  further  development. 

QUANTITY  OF  NITROGEN  REQUIRED  FOR  INERTING 

tv 

Most  of  a  liquid  nitrogen  inerting  system  weight  is  the  liquid  nitrogen 
itself.  Thus,  a  reasonably  careful  analysis  of  the  total  quantity  of  nitrogen 
required  is  essential.  This  is  in  contrast  to  the  inert  gas  generator  system 
in  which  almost  all  of  tl.e  system  weight  is  attributable  to  the  flow  capability 
desired  of  the  components. 

Tank  Pressurization  Gas 


The  data  presented  in  Appendix  A  show  that  about  525  lb  of  inert  gas  are 
required  for  tank  pressurization  on  a  representative  B-l  mission. 

Scrubbing  Flow 

As  the  aircraft  climbs  to  altitude  during  a  flight,  the  oxygen  saturated 
in  the  fuel  at  sea  level  pressure  starts  to  evolve  as  the  ambient  pressure  is 
reduced.  Thus,  it  is  necessary  to  provide  a  flow  of  inert  gas  to  the  fuel 
tanks  during  this  initial  climb  if  the  tank  ullage  space  is  to  be  maintained 
below  9  percent  oxygen  by  volume.  Figure  48  shows  a  mathematical  model  of  the 
flow  balance  required  during  oxygen  evolution.  Assuming  that  the  oxygen  equi¬ 
librium  saturation  pressure  is  proportional  to  the  tank  pressure,  it  is  possible 
to  determine  the  rate  at  which  inert  flow  must  be  input  to  the  fuel  tanks. 

This  is  shown  in  Figure  49  foi  an  inert  'nflow  of  pure  nitrogen.  Integrating 
over  the  climb  to  65.000  ft.  the  data  indicate  that  about  78  lb  of  nitrogen  are 
required  per  100,000  lb  of  fuel  carried. 

In  comparison,  an  inert  gas  generator  inerting  system  must  provide 'a 
scrubbing  inflow  2.25  times  that  required  with  pure  nitrogen,  assuming  that 
the  IGG  system  outputs  a  gas  containing  5  percent  oxygen^by  volume. 

Reserve  Gas  Supply 

A  reserve  margin  of  20  percent  has  been  assumed. 
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Total  Gas-Quantity 


Table  14  totals  the  gas  requirements,  indicating  that  almost  900  lb  of 
nitrogen  is  required  for  the  baseline  system  for  the  B-l.  A  considerable  • 
weight  savings  can  be  obtained,  hov^ver,  if  the  following  operating  techniques-*-* 
are  employed:,  . 

•  Load  the  fuel  i’nto  the  tanks  through  spray  manifolds  that  expose  all 
of  the  fuel  to  the  inert  gas  in  the  tank.  Test  data  by  WPAF6  indi¬ 
cate  that  this  reduces  the  scrubbing  gas  requirement  by  about  85 
percent 

^  Provide  the  tank  pressurization  gas  by  mixing  the  nitrogen  with  an 
available  air  source,  such  as  engine  bleed  air.  This  would  reduce 
the  pressurization  gas  quantity  by  about  43  percents  if  the  nitrogen 
flow  was  diluted  to  9  percent  oxygbn  by  volume 


Table  14  shows  the  resultant  quantity  of  nitrogen  required  with  these  varia¬ 
tions  in  the  System  operation. 


TABLE  14 

.NITROGEN  QUANTITIES  REQUIRED  FOR  B-l 


Item 

Base  1 i ne  Quant i ty 

Variant  Quantity 

Tank  Pressurization 

525  lb  (lOO^  nitrogen,' 

300  lb  (mixed  with  225  lb 
bleed  air) 

Fuel  Scrubbing 

200  lb  (fuel  loaded  in 
bulk  into  tanks. 

30  lb  (fuel  loaded  by 
spraying  into  tanks,' 

Reserve  (20,.: 

145  lb 

66  lb 

Total  Required 

870  lb 

396  lb 

Nominal  Oesi gn  Value 

900  lb 

400  lb 

SYSTEM  CONFIGURATION 


'Figure  50  shows  a  schematic  of  the  recommended  liquid  nitrogen  inerting 
system  conf i gurat i^on.  Figure  51  shows  the  details  of  the  storage  tank  com¬ 
ponent  flow  arrangement.  The  system  is  configured-in  such  a  manner  that  multi¬ 
ple  tanks  can  be  used  if  dictated  by  the  available  aircraft  packaging  envelope. 
Also,  the  concept  can  accommodate  mixing  of  the  nitrogen  with  bleed  or  ambient 
aR"  using  either  a  jet  pump  or  throttling  valve  so  that  the  nitrogen  quantity 
required  for  tank  pressurization  is  reduced.  Liquid  is  withdrawn  from  the 
cryogenic  storage  tank  and  is  vaporized  in  a  bleed-air  heat  source  warm-up 
heat  exchanger.  The  ambient  temperature  vapor  is  then  distributed  to  the  fuel 
tank  upon  demand.  Although  it  is  possible  to  design  evstems  in  which  the  • 
liquid  nitrogen  is  input  directly  to  the  fuel  tanks,  is  recommended  that  a 
gaseous  distribution  system  be  used.  Such  a  system  maintains  all  the  distri¬ 
bution  lines  at  ambient  temperature  so  that  there  is  no  safety  hazard  to 
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Figure  50.  Liquid  Nitrogen  Inerting  System  Schematic 


STORAGE  TANK  COMPONENTS 
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5i-  Liquid  Nitrogen  Inerting  System  Storage  Tank  Components 
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aircraft  maintenance  personnel.  Such  a  concept  also  el iminates  the  possibility 
of  flooding  a  fuel  tank  with  liquid  nitrogen  in  the  event  of  a  control  valve 
malfunction.  It  should  be  noted  that  using  gaseous  distribution  with  a  liquid 
nitrogen  inerting  system  facilitates  later  conversion  to  an  inert  gas  generator 
System  since  only  the  gas  source  must  be  changed. 

Cryogenic  Tank  Design  , 

The  cryogsfnic  tank  weight  is  dependent  upon  the  total  quantity  of  nitrogen 
to  be  stored  and  upon  the  time  between  tank  filling  and  fluid  use.  This  standby 
time  will  size  the  tank  insulation  thickness.  Nitrogen  can  accept  rather  large 
heat  inputs  at  liquid  temperatures,  however ^  wi thout  an  excessive  fluid  expan¬ 
sion  or  pressure  buildup.  Therefore,  to  minimize  the  tank  weight,  it  is-neces- 
sary  to  delay  tank  pressurization  to  the  operating  pressure  until  fluid  delivei*y 
is  required. 

Because  of  the  long  standby  period,  heat  leak  into  the  cryogenic  tank  is 
critical.  There  is  a  tradeoff  between  heat  leak  (implying  insulation  weight 
and  quantity  of  gas  vented  during  standby.  Figure  52  shows  the  weight  of  a 
tank  designed  for  30  days  standby  as  a  function  of  the  tank  insulation  thick¬ 
ness.  The  data  indicate  that  the  tank  weight  will  be  less  than  10  percent  of 
^he  total  quantity  of  fluid  to  be  delivered  to  the  fyel  tanks.  This  assumes  a 
tank  insulated  in  the  manner  used  for  space  vehicle  vacuum  jacketed  tanks. 

Such  technology  is  state-of-the-art  and  has  demonstrated  performance  potential. 

The  tank  data  presented  in  Figure  52  also  assume  that  the  tank  maximum 
operating  pressure  is  80  psia.  At  this  pressure,  the  inner  shell  thickness 
is  somewhat  above  the  minimum  allowable  gage  thickness  for  this  size  tank, 
but  the  pressure  was  selected  for  the  following  reasons; 

•  It  provides  an  optimum  insulation  thickness  of  one  in  --h i gher  pres-:*' 
sures  would  lower  this  optimum,  but  test  data  on  low  heat  leak  tanks 
using  multiple  radiation-shield  insulation  indicate  that  there  is 
noticeable  insulation  conductivity  increase  for  thicknesses  much 

be  I  ow  one  in. 

It  makes  the  nitrogen  temperature  at  delivery  pressure  slightly 
above  that  required  for  liquefaction  of  oxygen,  thereby  eliminating 
a  potential  safety  problem 

•  It  provides  a  large  oressure  head  for  operating  a  bleed  air/nitrogen 
Jet  pump  to  augment  the  nitrogen  flow  if  desired 

Weight 

The  total  liquid  nitrogen  inerting  system  weight  is  tabulated  in  Table  15 
for  systems  delivering  900  and  AOO  ib.  These  weights  exclude  the  distribution 
lines  to  the  fuel  tanks  and  the  valving  on  the  fuel  tanks.  Either  system  can 
be  packaged  within  a  cube  circumscribed  about  the  spherical  cryogenic  tank 
(exceptino  distribution  lines  and  tank  valving].  For  the  900-lb  system,  the 
tank  diameter. Is  about  3.5  ft.  For  the  400-lb  system,  it  is  about  2.7  ft. 


TANK  FILLED  WEIGHT,  LB 


•  STANDBY  TIME  ■  50  DAYS 

•  TANK  INNER  AND  OUTER 
OF  22i9<T62  ALUMINUM 

•  TANK  VENT  PRESSURE  »  80  PSIA 

•  MATERIAL  SAFETY  FACTOR  -1.5 

•  INSULATION  CONDUCTIVITY 

-10*^  BTU/HR-FT-*R 

•  INITIAL  FILL  AT  U.7  PSIA 

•  FILL  FACTOR  »  0.M7  ““ 

DELIVERABLE  CONTENTS  »  900  L 


INSULATION  THICKNESS,  IN. 

Figure  52.  Nitrogen  Tank  Weight  vs  Insulation  Thickness 


TABLE  15 

LIQUID  NITROGEN  INERTING  SYSTEM  WEIGHT 


I  tern  1 

Baseline  Design 
(900  lb  deliverable) 

Variant  Design 
(400  lb  deliverable) 

Deliwgrabie  Nitrogen 

900 

400 

Tank  and  U 1 1  age 

66. 

42 

Bui'uup  Heat  Exchanger 

20 

/ 

20 

Plumbing  and  Valving 

10 

12 

TOTAL  ^ 

996  lb 

474  lb 

L 

5-61061 


SECTION  IV 


INERT  GAS  GENERATOR  INERTING  SYSTEM  PRELIMINARY  DESIGN 

INTRODUCTION 

This  section  presents  the  preiiminary  design  of  the  inert  gas  generator 
inerting  system  selected  by  the  studies  presented  in  Section  II.  Objectives 
of  the  preliminary  design  phase  are: 

•  Establish  inerting  system  performance  over  the  envelope  of  aircraft 
flight  operations 

•  Determine  system  weight  and  component  specifications 

•  Establish  control  concepts  and  techniques 

•  Determine  packaging  configuration  ^ 

Figure  53  shows  the  sequence  of  steps  used  to  perform  the  preliminary  design 
process. 
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The  material  in  this  section  is  arranged  as  follows: 

•  System  Oescr lptlon--system  schematic,  weight,  packaged  configuration 

•  System  Operation  and  Control  Techniques-“dls:usslon  of  control 
concepts  required  to  ensure  adequate  system  performance  under  all 
operating  conditions 


System  Performance  Summary-data  showing  output  gas  composition  as 
a  function  of  aircraft  operating  conditions  ^ 


Component  Performance  Data — details  of  the  performanc^x^qu  i  rements 
for  each  major  system  component 


SYSTEM  SCHEMATIC  DESCRIPTION 


Figure  54  shows  a  detailed  schematic  of  the  selected  inert  gas  generator 
fuel  tank  inerting  system.  This  system  was  selected  as  the  best  candidate 
concept  based  on  the  data  presented  in  Section  II, 


The  system  uses  a  ram  air  cooled  catalytic  reactor  to  provide  an  inert 
gas  source.  An  inert/ram  air  precooler  and  an  inert/fuel  precooler  are  used 
to  cool  the  reactor  output  to  temperatures  approximating  room  temperature. 
Then,  the  gas  is  further  cooled  in  the  regenerator  whose  heat  sink  is  the 
cooling  turbine  discharge  flow.  Finally,  the  inert  passes  through  the  cooling 
turbine  and  the  regenerator  before  being  discharged  to  the  fuel  tanks. 


A  dual  nozzle  turbine  is  used^  to  provide  relatively  high  turbine  efficiency 
over  a  large  range  of  throughf lows.  To  enhance  the  cooling  capability  of  the 
regenerator,  and  to  el iminatg^f reezing  at  the  turbine  discharge  line,  a  portion 
of  the  regenerator  discharge  flow  is  mixed  with  the  turbine  discharge  in  a  Jet 
pump  located  on  the  turbine. 


Flow  Capabi I i t^ 


As  shown  in  Figure  54,  the  emergency  descent  flow  of  up  to  200  Ib/min 
is  obtained  by  bypassing  flows  in  excess  of  67  Ib/min  around  the  catalytic 
reactor  and  air  cycle  refrigeration  unit,  via  the  ACM  bypass  valve.  This 
allows  almost  all  of  the  system  to  be  sized  for  a  flow  of  67  Ib/min.  The 
nominal  inert  oxygen  content  is  2.5  percent  (allowing  a  control  band  of 
‘2.5  percent)  so  that  during  the  emergency  descent  flow  mode,  the  oxygen  con¬ 
tent  would  climb  to  ab6tit--7,-5_percent  nominal. 


It  is  recommended  that  the  system  be  maintained  in  operation  continuously 
throughout  flight.  This  facilitates  rapid  response  to  sudden  changes  in  fuel 
tank  pressure.  Consequently,  there  is  a  strong  incentive  to  minimize  the 
minimum  system  flow  rate.  A  minimum  flow  capability  of  6  Ib/min  was  selected 
based  on  a  tradeoff  of  increased  turbine  complexity  to  obtain  lower  flows  vs 
the  increased  moisture  content  resulting  from  degradation  in  low-flow  turbine 
performance. 
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Weiqht 
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The  weight  of  the  system  components  is  tabulated  Table  16.  The 
weight  estimate  excludes  the  weight  of  the  distribution  lines  and  valving 
used  to  route  the  inert  flow  from  the  inert  gas  generator  to  the  aircraft  fuel 
tanks.  An  additional  weiqht  item  that  should  be  considered  is  the  weight  of 
the  fuel  consumed  by  the  catalytic  reactor.  Also,  the  drag  penalties  asso¬ 
ciated  with  ram  air  usage  and  the  engine  power  penalty  for  bleed  air  could 
be  included  in  the  table.  Analyses  indicate  that  the  total  equivalent  fuel 
penalty  to  generate  inert  gas  (including  fuel,  ram  air,  and  bleed  air  usage) 
is  about  8  lb  fuel/100  lb  of  inert  gas.  The  weight  estimate  assumes  that  all 
heat  exchangers  are  of  stainless  steel;  however,  it  appears  probable  that  the 
regenerator  can  be  rade  of '^a  1  uminum,  thus  reducing  its  weight  by  about 
50  percent.  i 

Packaqi nq 

Figure  55  shows  a  packaged  configuration  of  the  inerting  system.  The 
overall  size  of  the  unit  is  about  5.5  by  3.5  by  2.5  ft.  Most  of  the  components, 
however,  are  relatively  small  so  that  the  system  packaging  arrangement  can  be 
easily  Altered  to  suit  the  available  envelope  onboard  the  aircraft.  In 
particular,  it  might  be  desirable  to  locate  the  catalytic  reactor  in  an  engine 
nacelle  and  to  locate  the  other  system  components  in  a  less  stringent  environ¬ 
ment.  Such  a  concept  would  place  the  reactor  in  portion  of  the  plane  that 
is  already  designed  to  accommodate  the  high  temperature  of  the  ram  air 
discharged  from  the  reactor. 


TABLE  16 

INERT  GAS  GENERATOR  SYSTEM  WEIGHT 


y 

WEIGHT,,  LS 

tTOH 

WEIGHT,  LB 

CATAIYTK  SEACTOK 

at.o 

AIR  FRESSURE  REGULATOR 

5.0 

PftinARY  HEAT  EXCHANGER 

212.0 

AIR  FLOW  HASS  SENSOR 

t.5 

INEAr/FUEl  MEAT  OCHAKOEA 

*7.0 

STARTUP  RYPASS  VALVE 

3.0 

AESENEAATOA 

25V.  0 

WATER  CONTROL  VALVE 

0.5 

A]R  CYCLE  HACHINE 

20.0 

TMOINE  WZZU  VALVES 

3.0 

EJECTDA 

I.S 

TURBINE  SYFASS  VALVE 

3.0 

RAN  DOOR  ACTUATOR 

5.0 

ACH  BYFASS  VALVE 

5.0 

RAH  tYPASS  ACTUATOR 

2.0 

EXCESS  FLOW  HLIEF  VALVE 

1.5 

ran  reactor  actuator 

2.0 

INERT  FLOW  CONTROL  SENSOR 

2.0 

FUEL  SHUTOFF  VALVE 

1.0 

ELECTRONIC  CONTROLLER 

5.0 

FUEL  FRESSUAE  RECULATOA 

1.5 

INERT  GAS  DUCHNC 

10.0 

FUEL  FLOW  CONTROL  VALVE 

3.0 

RAM  AIR  DUCT 

4.0 

COOLtNC  FUEL  CONTROL  VALVE 

2.0 

FIRE  FROTICTION  INSULAnON 

5.0 

FUEL  ERIE  VALVE 

1.0 

NISCEILAKOUS 

25.0 

AIR  SHUTOFF  VALVE 

5.5 

GRAND  total 

700.0  lb 

•  \ 
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SYSTEM  OPERATION  AND  CONTROL  TECHNIQUES 

The  recommended  operational  and  control  techniques  have  been  evolved  by 
the  iterative  process  shown  in  Figure  53.  Initially,  it  appeared  that  a 
complex  electronic  controller  would  be  the  optimum  method  of  fulfilling  the 
various  control  functions.  The  system  performance  studies,  however,  have 
shown  that  it  is  possible  to  accomplish  many  of  the  control  functions  by 
sensing  temperatures  at  appropriate  locations  within  the  system. 

Primary  Operational  Requirements  ■ 

The  primary  inerting  system  operationa  1  requirements  are  tabul;>ted  in 
Table  17.  These  requirements  formed  the  basis  for  the  selected  system  control 
techniques. 

Primary  Control  Concepts 

Table  18  shows  the  primary  control  concepts  necessary  to  fulfill  the 
requirements  of  Table  ! 7.  These  concepts  have  been  established  by  a  trial- 
and-error  process  in  v^hich  a  candidate  control  technique  was  implemented  in 
the  system  perfornance  p.ogram  and  the  effects  of  the  control  technique  were 
then  indicated  for  all  aircraft  operating  modes.  The  hardware  for  implementing 
these  control  techniques  is  shown  on  the  detailed  system  schematic.  Figure  54, 
and  is  included  in  the  system  weight  summary. 

Additional  Control  Requirements 

Of  lesser  Importance,  but  still  necessary  for  satisfactory  system  opera-/ 
tion,  are  the  additional  control  requirements  shown  in  Table  19.  These  / 

requirements  are  flow  limiting  during  operation  with  battle  damage,  inflow 
control  to  accomplish  fuel  scrubbing,  and  display  and  control  of  system  faul/ts. 
They  can  be  implemented  either  pneumat i ca 1  I y  or  electrically  by  accomplishing 
the  analog  functions  shown  i.n  Figure  56. 

Startup/Shutdown  Sequencing  ' 

In  addition  to  the  control  functions  shown  in  Figure  56,  the  inerting 
system  controller  must  provide  the  correct  sequencing  of  valving  to  accomplish 
startup  and  shutdown.  Table  20  shows  the  sequencing  actions  that  must  occur. 

SYSTEM  PERFORMANCE  SUMMARY 

The  performance  calculations  presented  in  Section  II  were  performed  by 
hand  and  were  adequate  to  allow  selection  of  the  optimum  inerting  system 
concept;  however,  to  more  accurately  predict  system  performance  and  to 
establish  performance  over  a  large  range  of  operating  conditions  (over  100 
different  aircraft  operating  conditions  have  been  considered),  a  conputer 
program  was  generated.  This  program  was  based  on  the  programming  techniques 
and  subroutines  developed  at  AiResearch  to  support  the  design  of  aircraft 
environmental  control  systems. 
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TABLE  17 


PRIMARY  INERTING  SYSTEM  OPERATIONAL  REQUIREMENTS  ■ 


KEaUtItEHENTS 

METHOD  OF  ACCOMPLISHMENT 

REASONS/BENEFITS  ’ 

MOVtOE  PR(»>ER  MRSS 

INFLOW  TO  FUEL  TANK^ 

•  FLOW  CONTROL  VALVE  ON  AIR  CYCLE 

PACK  DISCHARGE  LINE'USINC  TANK 

AP  sensor  TO  CONTROL  VALVE  POSITION 

•  maintains  fuel  tank  PRESSURfr^AT  SLIGHT 
POSITIVE  PRESSURE  DIFFERENTIAL  RELATIVE 

TO  ambience 

•  LOCATION  ON  PACK  DISCHARGE  MINIMIZES 
SENSITIVITY  TO  SUDDEN  BLEED  PRESSURE 
CHANCES  (OCCURRING  ON  THROHLE  CHANGE) 

PROVIDE  PROPER  INERT  CAS 
COMPOSITION 

•  control  FUEL/AIR'  ratio  AT  REACTOR 
INLET  BY  MEASUhilNG  AIR  MASS  FLOW 

AND  SCHEDULING  FUEL  4ALVE  POSITION 

•  ESSENTIAL  IF  TANK  ATMOSPHERE  IS  TO 

BE  INERT 

•  OFFERS  BCmR  CONTROL  THAN  SENSING 
OUTPUT  OXYGEN  CONTENT 

PROVIDE  PfOPER  INERT  GAS 
MOISTURE  COMPOSITION 

•  USE  AIR  CYCLE  REFRIGERATION  PACK 

WITH  RAM  AIR  AND  FUEL  COOLING  TO 
CONDENSE  MOISTURE 

•  AIR  CYCLE  REFRIGERATION  SHOWS  DECIDED 
WEIGHT  AND  PERFORMANCE  ADVANTAGES  OVER 
VAPOR  cycle  REFRIGERATION  OR  SORBENT 

BED  MOISTURE  REMOVAL  CONCEPTS 

TABLE  18 


PRIMARY  INERTING  SYSTEM  CONTROL  REQUIREMENTS 


REI'JIREmENYS 

method  Or  ACCOMPLISHMENT 

REASONS/BENEFITS 

CONTROL  CATALYTIC 

IfiEACTOR  ram  flow 

ourccT  temperature 

I . - . 

•  MODULATE  RAM  AIR  DUCT  OPENING 

USING  ram  outlet  TEMPERATURE 
signal' TO  DRIVE  ACTUATOR  TO 
maintain  ram  discharge  at  tOOCTp 

•  maintains  REACTOR  HOT  ENOUGH  TO  SUSTAIN 
REACTION  at  all  TIMES 

•  PREVENTS  REACTOR  OVERHEATING  BY  ASSURING 

adecuate  cooling  flow 

•  MINIMIZES  RAM  FLOW  AND  HENCE  MINIMIZES 

drag  penalties  associated  with  system 

CONTROL  PRIMARY  HEAT 

i£iCrtMfiC£R  ram  air  FLOW 

1 

1 

* 

•  BYPASS  PORTION  OF  RAM  FLOW  AROUND 
PRIMARY  USING  INERT  DISCHARGE 
TEMPERATURE  SIGNAL  TO  DRIVE 

BYPASS  VALVE  TO  MAINTAIN  INERT 
discharge  at  !00‘’F 

•  PREVENTS  freezing  WATER  OUT  OF  INERT 

DURING  SUBSONIC  CRUISE  AT  ALTITUDE 

jcONTROL  WATER  SPRAYED 
fiNTO  RnM  FLOW  upstream 
lor  paiMARy  HEAT 
|£XC-ANG£R 

•  USE  ram  inlet  TEMPERATURE  TO 
primary  TO  SWITCH  WATER  SPRAY 

TO  downstream  of  primary  when 

RAM  temperature  IS  BELOV  80°F 

•  PREVENTS  COOLING  RAM  FLOW  TO  A  POINT  AT 
WHICH  FREEZING  COULD  OCCUR  IN  RAM  SIDE 

OF  PRIMARY  HEAT  EXCHANGER 

1 

.CONTROL  FUEL  FLOW  TO 

j inert-fuel  heat  exchanger 

i 

i 

1 

•  USE  INERT  DISCHARGE  TEMPERATURE 

FROM  PRIMARY  MEAT  EXCHANGER  TO 

TURN  ON  COOLING  FUEL  FLOW  WHEN 
temperature  EXCEEDS  IZO®F 

•  ALLOWS  MOISTURE  REMOVAL  TO  BE  ACCOMPLISHED 
DURING  HIGH  SPEED  SUPERSONIC  CRUISE  WHEN 
RAM  TEMPERATURES  ARE  QUITE  HIGH 

I 

iCONTROL  REGENERATOR  COLD 
ISIOE  INLET  temperature 

•  SENSE  MIXED  FLOW  DOWNSTREAM  OF 
EJECTOR  AMO  BYPASS  PORTION  O® 

FLOW  AROUND  TURBINE 

•  MAINTAINS  REGENERATOR  COLO  SIDE  ABOVE 

35' F  SO  THAT  FREEZING  WILL  NOT  OCCUR 

eo 


TABLE  19 


ADDITIONAL  INERTING  SYSTEM  CONTROL  REQUIREMENTS 


HQUIREHENTS 

metmoo  of  accomplishment 

REASONS /BENEFITS 

LIMIT  MAXIMUM  INFLOW 
WHEN  NOT  IN  EMEACENCY 
DESCENT 

•  SENSE  AMBIENT  PRESSURE  AND  RATE  OF 
PRESSURE  chance  COMPARED  WITH 
AIRCRAFT  normal  DESCENT  CAPABILITY, 
USE  TO  OVERRIDE  INERT  FLOW  CONTROL 
SENSOR 

•  PREVENTS  extended  OPERATION  AT 

200  L8/MIN  FLOW 

•  AVOIDS  HIGH  FLOW  WITH  BAHLE 

DAflAGE  IN  TANKS 

PAOVIDE  SCAuatlNC  FLOW 
'  DURING  INITIAL  AIRCRAFT 
CLIMB 

•  SENSE  ambient  pressure  AND  RATE  OF 
PRESSURE  CN/iHCE,  COMPARE  REQUIRED 
FLOW  WIi'H  THAT  FOR  SCRUBBING,  USE 

TO  OVERRIDE  INERT  FLOW  CONTROL 
SENSOR 

•  NAIttTAINS  TANK  ATMOSPHERE  AT 

LESS  THAN  9  PERCENT  OXYGEN  DURING 
CLIMB  WHEN  Oxygen  EVOLVES  FROM 

FUEL 

DISPLAY  AND  CONTROL 
SYSTEM  FAULTS 

•  SENSE  FUEL  tank  differential 

PRESSURE 

•  SENSE  REGENERATOR  COLD  PASS 

DISCHARGE  nMPERATURE 

•  SENSE  REACTOR  INERT  DISCHARGE 
TEMPERATURE 

•  SIGNALS  FACILITATE  FAULT  ISOLATION 

•  SIGNALS  SHUTDOWN  SYSTEM  BEFORE 
EXTENSIVE  damage  OCCURS 

Figure  56.  Analog  Function  for  Flow  Override  and  Fault  Display/Shutdown 


% 


The  performance  predictions  calculated  by  the  program  were  used  as  the 
basis  for  selecting  the  recommended  system,  operating  procedures.  In  fact, 
without  the  insight  provided  by  the  program,  many  of  the  control  requirements 
might  not  have' been  adequately  developed. 

ti  • 

Data  Input  to  Program 

,^The  program  ha®  three  different  classes  of  data  Inputs-  ,  ■ 

«  *  V 

•  Working  Fluid  Propert i€S--data  on  the  s’pecif ic  .heat,  saturation 
moisture  level,  enthalpy,  specific  heat  ratio,  etc.,  were  input  for 
air,  fuel,-  and  the  inert  gas  coastituents  (carbon  dioxide,  argon, 
nitrogen,  oxygen,  and  water) 

•  System  Component.  Performance  Data--information  on  the  performance 

”  parameters  of  the  individual  system  components  (discussed  later  In 
this  section),  allowances'  for  ducting  and  valvi.ng  pressure  drops, 
regulator  control  settings,  etc. 

•  Aircraft  Operational  Performance  Data — ^^aircraft  altitude,  ambient 
temperature  and  moisture,  airspeed,  fudl.  tenperature,  bleed  air 

.'pressure  and  temperature,  and  desi red. system  flow  rate 

Data  Output  by  Program 

*  —  •  « 

Onpe  the  selected  control  system  had  beetv  established,,  the  Inputs  |pr  '  . 
the  working  fluid  properties  and  the  system  component  performance  data  were 
the  same  for  all  cases  considered.  Thus-,  the  only  variables  for  each'  case 
became  the  aircraft  operational  performance  data.  For  each  set  of  pgrforman.ee 
data,  the  program  pVovides  the  following  output  information:. 

•  Summary  listing  of  "workin.g  fluid  and  .system  component  parameters 

-  « 

■  •  Listing  of  component  performance  for  catalytic  reactor,  ineTt/ram 
ai r  precooler,  inert/fuel  precooler,  regenerator,  cool ing^  turbine, 
and  jet  pump  .  - 

•  State  points  (pressure,  temperature, and  moisture)  and  the  inlet  and 
outlet  of  each  syscem  component  for  the  inert  flow,  the  ram  airflow, 
and  the  cooling  fuel  flow 

•  Sunmary  of  the  output  inert  gas  composition,  inci udi ng.mol sture 
content 

-  I 

Assumed  Engine  Bleed  Air  Data  V 


The  bleed  air  pressures  used  for  the  performance  calculations  are 
shown  in  Table '21.  Figure  57  shows  a  comparison  of  the  bleed  air  pressure 
aval lable  from  two  different  existing  high-bypass  engines.  The  data  Show 
that  the  bleed  pressures  used  in  the '^performance  calculations  are  conservative. 
It  should  be  noted  that  the  air  pressure  regulator  is  set  at  100  psia  so  that 
higher  bleed  pressures  are  not  actually  used  in  the  inerting  system. 
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BLUJ  Aif  PSIA 


TABLE  20 


■ 


INERTING  SYSTEM  START  UP/SHUTOOWN  SEQUlNCING 


item 

SEQUENCE 

ACTION 

1 

OPEN  STARTUP  BYPASS  VALVE  ALLOWING  REACTOR  O'jTPuT  TO  FLO»  OVE'RBOARO 
'LINE  SUED  TO  ALLOW  ABOUT  61  LS/MIN  TmrOUGMFLBW 

z 

OPEN  AIR  SHUTOFF  VALVE 

! 

1 

MONITOR  REACTOR  OUTPUT  TfMPfRATjRl  ,  HOLO  IS  SEC  AtTIR  REACHES  .^CT'  f 

j 

A 

OPEN  fufi  shutoff  valve 

1  SrAPTUP 

•  s 

OPEN  TuEl  ‘LOW  CONTROL  VALVE  TO  ^  6’  LB  MIN  NOMKiAi  INfLOW  Of  ■ 1  S 

LB. MIN  Of  AIP  > 

i 

* 

monitor  RIACTOR  OUTPUI  TEMPERATURE.  "OlO  FOR  S  SfF  AF'fP  IT  REACHfS 
•00  f  EXCESS  flow  RELIEF  vAlvF  IS  OPEN 

1  - 

, 

CLOSE  STARTjP  BYPASS  VALVE  SO  FLOW  PASSES  TO  TURBINE  ANO  OUT  EXCESS 

FLOW  RElIff  valve  ANO  OVERRIDE  INERT  FLOW  CONTROL  SENSOR  SlGNAl 

i-  ' 

i 

8  . 

Switch  ovs#  to  operational- control  logic  air  flow  starts  oecreasing 

ro  6  LB ’MIN,  f.EL  FLOW  DECREASES  TO  ABOUT  0  36  LB'NIN 

! 

DRIiff  EXCESS  FLOW  HLlEF  yALVC  FULL  OPEN 

SMUfBO«N 

2 

CLOSE  roEL  SHUTOFF  VFCVE.  AND  DRIVE  FUEL  FLOW  CONTROL  VALVE  TO 

MINIMUM  FLOW  POSITION 

1 . ; 

8. 

CLOSE  Alft  SHUTOfF  vALvE 

*  * 

.  OC-tO  JEKUS  10  , 
mOM  BYPASS  ENGINE 


•MIC"  PEBFORtWNCE 
military  aircraft 
MICM  BYPASS  ENGINE 


TABLE  21 

ENGINE  BLEED  AIR  PRESSURES 
ASSUMED  FOR  PERFORMANCE  ANALYST 


altitlge.  tmoosancs  ft 


Figure  5/.  Typical  High  Bypass 
Engine  Bleed  Data 


PSACh 

ALTITj! 

iC.  FT 

NUMBER 

5.000 

25.000 

40.  cot 

c.s 

JOC 

• 

- 

0.7S 

100 

45** 

145 

' 

0.90 

150 

1  70  . 

155 

l.S 

- 

ISO* 

I  50* 

2.0 

- 

J  50* 

50 

GROUND  idle  5i  PSIA 


•REGULATOR  SETTING  100  PSIA 
••DESCENT  CONDITION 
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Suirerary  of  Inerting  System  Performance 

The  primary  objectives  of  the  performance  studies  were  to  establish  the 
correct  cpntrol  concepts  and  to  determine  tho  moisture  content  that  would  be 
present  in  the  inert  flow  to  the  fuel  tanks.  Early  in  the  study,  it  had  been 
established  that  the  design  goals  should  be  a  moisture  content  of  less  than 
80  grains  water/lb  inert  at  ail  times  and  an  integrated  mission  average  of 
less  than  25  grains/lb.  These  'level s  are  set  by  the  moisture  that  might  be 
input  to  aircraft  having  unpressurized  tanks  vented  to  ambience. 

To  establish  moisture  content  throughout  the  possible  range  of  aircraft 
operations,  the  performance  program  was' used  to  assess  performance  at  the 
conditions  summarized  in  Table  22.  Approximately  100  different  sets  of 
operating  conditions  are^ons idered.  /These  sets  are  selected  to  allow 
generation  of  performahce  graphs  applicable  to  the  operating  continuum. 

Since  the  system  performance  will  improve  somewhat  as  the  ambient  temperature 
and  humidity  are  io^ered/  only  the  worst-case  conditions  have  been  considered. 
These  conditions  are  based  on  MIL-STD-2I0B. 

TABLE  22 

RANGE  OF  AIRCRAFT  OPERATING  CONDITIONS  USED  FOR  PERFORMANCE  ANALYSES 


Operational  Parameter 

Ground  Operation 

Low  Al ti tude 

FI ight 

High  Alti tjJcLe— ^ - 

Cruise" 

Inert  flow,  Ib/rin 

6  to  18 

6  to  67 

6  to  15 

Aircraft  altitude,  ft 

0 

5000 

25,000  to  60,000 

Aircraft  speed,  Mach  No. 

0 

0.5  to  0.85 

0.75  to  2.0 

Bleed  pressure,  psia 

35 

See  Table  21 

See  Table  21 

Ambient  temperature,  °F 

59  to  103 

59  to  83.7 

* 

Ambient  humidity,  gr/lb 

60  to  182 

60  to  182  1 

0 

Number  of  cases  analyzed 

18 

57  ; 

1 

22 

■•^Ambient  temperature  depends  on  altitude,  standard  day  temperatures  used. 
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I .  Ground  Performance 


Figure  58  shows  the  outlet  moisture  content  of  the  inert  gas  as  a  function 
of  the  system  flow  rate  while  the  aircraft  is  parked  on  the  ground.  The  data 
are  applicable  tp  a  large  range  of  ambient  atmosphere  conditions  since  the 
system  controls  minimize  the  effect  of  changes  in  ram  air  temperature  and 
moisture  content. 

The  peculiar  shape  of  the  curve  is  a  result  of  the  interaction  between 
the  turbine  efficiency  and  the  regenerator  effectiveness.  At  very  low  flows, 
the  regenerator  has  a  high  effectiveness  and  the  turbine  pressure  is  quite  low 
since  the  nozzles  are  sized  for  a  considerably  larger  flow.  As  the  flow  is 
increased,  the  regenerator  effectiveness  decreases;  (this  is  a  result  both 
of  the  increased  flow  and  of  the  change  In  the  performance  of  the  jet  pump 
that  provides  flow  to  the  cold-side  of  the  regenerator),  so  that  the  outlet 
moisture  content  increases.  Then,  as  the  flow  is  further  increased,  the  tur¬ 
bine  pressure  ratio  starts  increasing  so  that  the  refrigeration  provided  by 
the  inert  expanding  across  the  turbine  is  Increased;  this  enhances  the 
moisture  removal  capability  resulting  in  a  low  outlet  moisture  content. 

If  the  high  moisture  contents  obtained  at  very  low  system  flows  prove 
__excessive,  it  is  possible  to  design  the  system  in  such  a  manner  that  the 
minimum  flow  rate  on  the  ground  is  15  Ib/min.  At  this  flow  rate,  the  outlet 
moisture  content  is. quite  low;  however,  little  flow  will  be  Input  to  the  fuel 
tanks  while  the  aircraft  is  on  the  ground  so  thjt  the  recoiretiended  concept 
does  not  Include  special  flow  controls  for  grou  id  operation, 

2.  Low  Altitude  Flight  Performance 

The  maximum  normal  inserting  flows  will  occur  during  the  final  phases  of 
descent  when  the  ambient  pressure  is  changing  at  a  high  rate.  An  altitude 
of  5000  ft  was  selected  as  bei^ng  represent^ti ve_  of  the  point  at  which  the 
aircraft  starts  fairing  from  its  descent  profile  to  its  l^ding^approach 
pattern.  Figure  59  shows  the  outlet  nib TTtaTe.^con tent  vs  inert  flow  rate^for 
various  aircraft  Mach  numbers.  Ambient  humidity^ has  little  effect  on  the 
outlet  moisture  content  for  a  0.7  Mach  number. asNshown  by  Figure  60. 

Figure  61  shows  the  outlet  moisture  content  vs  air^aft  Mach  number  for  various 
combinations  of  ambient  temperatures  and  humidi ties, \The  data  assume  that  the 
inerting  system  input  pressure  at  Mach  0.7  and  0.85  is  100  psia  (a  cruise 
condition)  and  that  at  Mach  0.5  is  45  psia  (a  descent  rase).  If  the  aircraft 
is  assumed  to  be  in  descent  at  Mach  0.7,  then  the  ou'  Toisture  content  is 
increased  to  values  approximating  those  shown  for  th  '  0.5  condition. 

3.  High  Altitude  Cruise  Performance 

At  high  altitudes,  the  ambient  temperature  and  humidity  show  little 
variation  between  the  cold,  standard,  and  hot  days.  Therefore,  the  standard 
day  values  have  been  used  to  determine  the  high  altitude  performance  data 
^own  in  Figure  62.  The  data  indicate  that  the  outlet  moisture  content  at 
altitudes  above  40,000  ft  is  nearly  independent  of  the  flight  speed,  being 
about  4  grains  water/lb  Inert. 
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4.  Typical  Integrated  Mission  Performance 

Table  23  shows  the  moisture  content  in  the  inert  flow  for  each  portion  of 
a  typical  flight.  The  data  indicate  that  the  average  moisture  contfent  of  the 
inert  gas  is  about  5.3  grains  water/lb  inert.  The  total  inert  input  to  the 
fuel  tanks,  however,  is  much  less  than  that  generated  by  the  inerting  system 
(which  operates  over  much  of  the  flight  at  its  minimum  How  rate),  and  the 
inert  entering  the  tanks  occurs  during  those  portions  of  the  flight  when  the 
moisture  content  is  higher  than  the  average  value.  Thu?,  the  average  moisture 
content  of  the  inert  entering  the  f>‘.l  tanks  is  8  to  I2jgrains  water/lb. 

/ 

5.  Typical  Inerting  System  State  Points  / 

Table  24  (presented  at  end  of  Volume  II  because  of  classification  shows  the 
state  points  at  each  location  in  the  inerting  system  for  four  flight  conditions; 

•  Low  altitude  descent  at  maximum  normal  flow 

•  High  altitude  cruise  at  minimum  flow 

•  Low  altitude  subsonic  dash  ^ 

•  High  altitude  sup?  '»>'nic  dash 

The  aircraft  Mach  number  and  altitude  for  each  case  are  those  specified  in 
Appendix  A,  paragraph  4.8. 

COMPONENT  FcRFORMANCE  DATA 

Figures  63  tJi£ouglr  68  show  performance  maps  for  the  major  system  components. 
These  maps  were  used  by  the  system  performance  program  to  predict  the  outlet 
temperature,  moisture,  and  pressure.  All  of  the  heat  exchangers  were  :s-Tzed 
specifically  for  the  inerting  system  using  performance  techniques  standardly\^ 
used  for  aircraft  heat  exchangers.  The  turbine  performance  map  is  that  of  an 
existing  aircraft  environmental  control  system  turbine.  The  fan  map  is  a 
scaled  version  of  an  existing  aircraft  ECS  fan. 


AtTITUOE,  FT 

Figure  62.  Inerting  System  Out let/Hoi sture  Content 
at  High  Altitude  Flight 


TABLE  23 

TYPICAL  INTEGRATED  MISSION  MOISTURE  CONTENT 


ITEM 

FLOW  RATE 
LB/MIN 

MOISTURE 

CONTENT, 

GR/LB 

DURATION, 

HR 

INERT 

INPUT, 

LB 

MOISTURE 

INPUT. 

LB 

SCRUBBING  DURING  INITIAL  CLIMB 

20 

8 

0.  1 

120 

1  ?  ' 

SUBSONIC  CRUISE  AT  ALTITUDE 

6 

A 

5,0 

1800 

1.030 

LOW  ALTITUDE  SUBSONIC  DASH 

6 

27 

0.5 

180 

0.695 

\ 

SUBSONIC  GSUISE  AT  ALTITUDE 

6 

A 

5.0 

1800 

1 .030 

CLIMB  TO  HIGH  ALTITUDE 

15 

A 

0.3 

270 

0.  154 

HIGH  ALTITUDE  SUPERSONIC  CRUISE 

to 

A 

1.0 

600 

0.340 

DESCENT  TO  HOLDING  PATTERN 

to 

B 

0.2 

120 

0.  137 

DESCENT  TO  LANDING  FIELD 

to 

16 

0.2 

120 

0.274 

12.3  HR 

5010  LB 

3.797  lb 

AVERAGE  INFLOW  MOISTURE  CONTENT  =5.33  GR/LB 
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Figure  64.  Inert/Ram  Air  Precooler  Performance  Maps 
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SECTION  V 


CATALYST  AND  CATALYTIC  REACTOR  TESTING 


INTRODUCTION 

This  section  presents  the  results  of  the  testing  performed  to  select  the 
optimum  catalyst  for  the  catalytic  reactor  and  to  determine  the  necessary  heat 
transfer  data  for  reactor  design.  It  summarizes  the  previous  work  that  has 
been  done  and  explains  the  need  for  the  testing  performe<{  during  this  program. 
The  section  also  documents  the  test  equipment  and  procedures  used  to  acquire 
the  data. 

Objectives 

,  With  the  exception  of  the  catalytic  reactor,  the  preferred  inerting 
system  components  are  state-of-the-art  designs  that  have  been  extensively  used 
in  aircraft  environmental  control  systems.  Therefore,  to  improve  confidence 
in  the  overall  system  concept,  it  is  necessary  to  accumulate  data  that  would 
form  a  basis  for  design  of  the  catalytic  reactor.  These  data  can  be  classified 
as  follows: 

•  Catalyst  performance  data 

i, 

-  reaction  efficiency 

-  minimum  reaction  ligntoff  temperature 

-  inert  gas  composition  (efficiency  is  an  indication  of  composition) 

•  Heat  transfer  design  data  -  heat  dissipation  along  the  reactor 

tubes  as  a  function  of 

-  inert/cooling  airflow  ratio 

-  inert  throughflow 

-  inert  pressure 

Background 

A  previous  study  (described  in  AFAPL-TR-69-68)  by  American  Cyanamid 
Company  has  established  that  catalytic  reaction  of  air  and  fuel  is* a  feasible 
method  of  obtaining  inert  gas.  That  study  also  determined  that  one  catalyst, 
designated  American  Cyanamid  Code  A,  shows  good  potential  for  an  inerting 
system  application.  The  available  data,  however ,  were  generated  in  a  diluted 
atmosphere  (oxygen  concentrations  much  less  than  in  afr)  with  a  test  bed  con¬ 
figuration  unrepresentative  of  flight-type  heat  transfer  equipment.  Thus,  it 
was  necessary  to  determine  catalyst  performance  in  a  test  configuration  closely 
resembling  flight-type  heat  exchangers,  operated  with  air  rather  than  nitrogen 
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diluted  with  oxygen.  Additionally,  it  was  important  to  obtain  gas  analyses 
and  to  measure  the  exhaust  water  acidity  so  that  the  overall  catalyst  perfor¬ 
mance,  particularly  its  conversion  efficiency,  could  be  assessed. 

The  American  Cyana^iid  study  revealed  two  problem?  with  using  the  Code  A 
catalyst.  The  first  was  that  the  minimum  reaction  light-off  temperature  for 
Code  A  was  between  500  and  600°F  (usually  near  the  upper  end  of  this  band;. 

This  te'iiperature  exceeds  the  temperature  at  which  engine  bleed  air  is  avail¬ 
able  outside  the  engine  nacelle,  the  bleed  temperature  is  usually  limited  to 
about  450°F  to  reduce  fire  hazards— and  under  certain  operating  conditions 
bleed  temperatures  of  200°F  are  not  uncomnon).  The  second  problem  is  that 
Code  A  catalyst  develops  hot  spots  which  randomly  traverse  the  catalyst  bed 
during  operation.  Both  these  findings  have  been  confirmed  by  the  testing  con¬ 
ducted  during  this/study, 

/ 

Thus,  if  the  American  Cyanamid  Code  A  catalyst  is  used,  it  will  be  neces-  _ 
sary  to  provide  some  method  of  obtaining  the  required  lightoff  temperature  and 
to  provide  a  means  of  reducing  the  hot  spots  (otherwise  excessive  cooling  air¬ 
flows  that  would  quench  the  reaction  elsewhere  in  the  bed  would  be  required/. 
Thus,  the  testing  in  this. study  has  built  upon  the  starting  basis  provided  by 
the  American  Cyanamid  study  and  has  been  directed  towards  solutions  to  these 
two  problems  and  to  obtaining  heat  transfer  data  (which  was  not  an 'object i ve' 
of  the  American  Cyanamid  study;. 

Approach  to  Solution  of  Catalyst  Problems 

In  an  attempt  to  eliminate  the  startup  problem  with  the  Code  A  catalyst, 
several  different  methods  of  raising  the  bleed  temperature  at  the  reactor 
inlet  w6re  investigated.  Three  such  concepts  are  shown  in  Figure  69.  ’Figures 
70  and  71  show  the  performance  of  the  concepts  of  Figures  69A  and  69B  at  the 
assumed  inerting  system  design  point  described  in  Section  II.  These  figures 
snow  that  one  of  the  concepts  (Figure  69A)  requires  more  bleed  pressure  than 
is  available,  and  that  the  other  (Figure  69B)  requires  a  la^e  additional  bleed 
airflow.  The  third  concept,  a  combustor  used  only  duringXtartup,  appears  to 
be  feasible  and  is  the  best  of  these  temperature  augmentation  concepts..  An 
alternate  approach,  however,  is  to  Evaluate  other  catalysts  in  an  attempt  to 
obtain  a  catalyst  (or  combination  of  catalysts}  having  both  a  lower  lightoff 
te.’;perature  and  more  even  reaction  distribution  within  the  catalyst  bed.  It 
is  this  approach  that  has  been  pursued  during  this  study.  „ 

TEST  equipment  • 

Equipment  Description 

/  '  ihe  test  equipment  designed, for  the  catalyst  and  catalytic  reactor  test¬ 

ing  uses  a  parallel  arrangement  of  10  tubes  (304SS,  0.25  in.  00,  0.010  in. 
wall,  20  in.  long;  in  which  the  catalyst  is  packed.  Figure  72  shows  a  sche¬ 
matic  of  I’.he  tube  bundle,  indicating  the  portion  of  the  tubing  that  is  packed 
with  catalyst.  Figure  73  is  a  photograph  of  the  assembled  tube  bundle.  The 
fuel/air  mixture  is  distributed  to  the  tubes  by  an  inlet  manifold  and  the 
inert  products  of  reaction  are  collected  from  the  tubes  by  an  exit  manifold. 
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Bootstrap  Concept  -  Bypass  Cooler  On  Start-Up  To  Get  Higher 
Compressor  Inlet  Temperature  - - 


START-UP  BYPASS 


AIR 


TO  AIR  CYCLE 

REFRIGERATION 

SYSTEM 


Boost  Compressor  -  Used  To  Get  High  Ignition  Temperature 
In  Catatytic  Reactor 


Figure  69.  Possible  Methods  Which  Ma/  be  Employed  for  Catalyst  Light-Off 
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COMPRESSOR  WORK 


TURBINE  WORK- 


REACTOR  INLET  I  = 

TEMPERATURE  I  < 


35  <45  55  65  75  8$  95  105 

BOOTSTRAP  PRESSURE. PS  I A 

Figure  70.  Performance  With  Catalytic  Reactor  Within  Bootstrap 
Cycle  Aircraft  at  Mach  0.7,  Sea  Level,  Hot  Day) 


AIRFLOW  TO  BOOST  COMPRESSOR 


REACTOR  INLET  TEMPERATURE 


35  PSIA 


S.  VENT 

tV- ►IA.7  PSIA 

^  TO  CATALYTIC 


REACTOR 


5  55  65 

BOOST  COMPRESSOR  DISCHARGE  PRESSURE. PSIA 

Figure  71.  Boost  Compressor  Airflow  Requirements  and 
Reactor  Inlet  Temperature 
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The  arrangement  allows  cooling  air  to  be  distributed  along  the  catalyst-packcd 
portion  of  each  tube.  This  facilitates  determination  of  heat  transfer  data 
since  the  arrangement  simu,^ates  the  design  configurations  used  by  many  flight- 
type  heat  exchangers.  Alternatively,  the  cooling  air  flow  can  be  discontinued 
and  the  tubes  exposed  to  /ambient  (as  shown  in  the  photograph)  to/make  the  test¬ 
ing  visually  accessible./  In  this  mode,  some  tube  cooling  is  provided  by  radia¬ 
tion,  however,  at  high  tnroughf lows,  it  is  necessary  to  suppljy  cooling  air  or 
reduce  the  fuel/air  ratijO  if  the  tubing  temperatures  are  to  fcmain  acceptable. 
Figure  73  shows  the  thermocouples  that  are  spaced  along  the  length  of  the  first 
two  tubes.  In  I ater-test i ng ,  only  the  first  tube  was  instrumented  along  its 
entire  length;  however, !a  single  thermocouple  was  placed  on  each  tube  to  indi¬ 
cate  if  reaction  was  occurring. 

Figure  74  shows  a  schematic  of  the  entire  test  configuration,  indicating 
instrumentation  and  flow  paths.  Figure  75  is  a  photograph  of  the  test  setup. 
The  reactor  inlet  air  flpw  rate  is  measured  by  a  calibrated  orifice  and  the 
air  is  then  preheated  to\the  desired  temperature.  The  JP-4  referee  fuel  is 
metered  as  a  liquid  into^the  air  stream,  vaporized,  and  mixed  with  air  in  a 
heated  mix  chamber  before  passing  into  the  reactor  inlet  manitold.  A  Lapp 
Pulsafeeder  pump  is  used  to  vary  the  fuel  flow  rate  and  insure  the  desired 
fuel/air  ratio  is  maintained.  (Initial  attempts  to  use  a  needle  valve  to 
meter  the  fuel  were  unsuccessful  since  the  very  low  flow  rate  could  not  be 
accurately  maintained.)  The  reactor  combustion  products  are  cooled  in  a  water 
cooler  and  analyzed  as  required.  Additional  analyses  in  detail  have  been  made 
by  collecting  gas  samples  and  analyzing  them  in  a  laboratory.  A  valve  on  the 
reactor  discharge  line  can  be  used  to  simulate  reactor  operation  under  pres¬ 
sure  greater  than  atmospheric. 

CATALYST  STUDIES 

Summary 


The  catalytic  reactor  test  equipment  was  used  to  evaluate  the  performance 
potential  of  the  38  different  catalysts  listed  in  Table  25.  Only  a  few  of  the 
catalysts  cause  reaction  of  the  fuel/air  mixture.  No  single  catalyst  is  com¬ 
pletely  satisfactory  for  the  fuel  tank  inerting  applications;  however,  there 
are  two  combinations  of  catalysts  that  are  acceptable.  Either  the  American 
Cyanamid  Code  A  catalyst  combined  with  platinum?  or  the  Grace  908  catalyst 
used  in  conjunction  with  platinum  would  be  acceptable  for  this  application. 
Further  work  with  the  preferred  catalyst  combination,  the  Code  A/platinum 
mixture,  will  be  required  to  improve  stability,  pressure  drop  characteristics, 
and  life  expectancy.  All  three  are  thought  to  be  obtainable  by  changing  the 
catalyst  carrier. 

Precious  Metal  Catalysts 

Palladium  (ESPI  PGC  305}  and  platinum  (ESPI  PGC  315)  both  0.5  percent  on 
1/8  in.  alumina  pellets,  were  initially  found  to  provide  the  lowest  light-off 
temperature  and  the  highest  degree  of  reliability.  The  platinum  catalyst 
(ESPI  PGC  315)  was  arbitrarily  selected  as  a  qualitative  reference.  Platinum 
caused  fuel/air  reaction  at  inlet  temperatures  as  low  as  400°F  and  it  could  be 
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TABLE  25 


OXIDATION  CATALYSTS  TESTED  IN  CATALYTIC  REACTOR  TEST  UNIT 


Type 

HOUDRY  8 
Type  K 

Type  54 1  CXI -XI 
Type  I33CP2-3XI 
[Type  I  I20JXI-IXI 

Experimental  nickel 

i 

1 

t 

ENOaHARD 

1 

l^latinum  (0.5?.  on  Al  umi  na-Sul  f  i  ded  - 
C5506( 

Ruthenium  (0.5,t  on  Alumina) 

4 

I 

GIRDLER 
- 1 — 

-  t 

t4366  (Copper  Oxi'*e  on  Kieselguhr) 

i 

T-|l065  (palladium  and  Chromia  on  Alumina 
G-^A  (Chromium  Promoted  Iron  Oxide) 
G“^7RS  (Reduced  and  Stabilized  Cobalt) 

G-6,IRS  (Cobalt  on  Kieselguhr) 

i 

harshaW 


Remarks 


SI i ght  activity 
No  ignition 

Pel  lent  disintegrated  in  tube 
No  ignition 

Ignited  with  Pt  i gni ter; qu i ck 
burnout 


Good  ignition  and  stability 
(comparable  to  ESPI  P6C315; 

No  ignition 


Some  activity  t 

Active  but  tended  to  ^ecay 
No  i gn i t i on 
Ignited  -  slow  burnout 
Ignited  -  slow  burnout 


Cul700T  (79^  Copper  Oxide/ 
'Cuo|o2T  (Copper  Chromite) 
Mn-(^20IT  (Manganese 
Ag-qi07E  (Silver) 

Ni-0il04T  (Nickel) 

'GRACE  (pavi son  Chemical  Co. j 


No  ignition  , 

% 

No  ignition 

Ignited  with  Pt  )should  be 

Ignited  with  Pt  Jreinvestigated 

Hard  to  light  -  slow  burnout 


,  SMR  t-1744  (lO^t-  CuO-0.04^  Pd) 

\903-(|8-5X-l949  (Grade  903) 

SMR-i-3277  (Grade  908-CuO, 
Mno,  (trace  Pd) 


No  ignition 
No  ignition 

Ignited  with  Pt  -  tended  to  ** 
burn  out  but  could  be  reactivated. 
Additional  tests. 


TABLE  25  (Continued 


AMERICAN  CYANAMID 

Code  A  j 

I 

UNIVEkSAL  OIL  PRODUCTS  y 

0  A  (l/l6-in.  Pellents)  . 

^  (Arbitrary  . 

0^  B  (3/32- in.  Pellets)  (‘designation 

ELECTRONIC  SPACE  PRODUCTS  (ESPI) 

PGC  305  (Palladium,  0.5;.  on  Alumina) 
PGC  315  (platinum,  0.5‘^  on  Alumina) 
K2893C  ( I ri di urn  Ox i de  Powder) 

K4550B  (Rhodium  Sesqui oxide  Powder) 
K.-II36J  (Cerium  Oxide ’Powder,  95^) 

MISCELLANEOUS  ' 

Rare  Earths  (Mixtures  of  Oxides  of 
Cerium,  Neodymium,  Praseodi dymium 
and  Terbium) 

Silver  Oxide  (MCB  Reagent  Powder) 
Copper  Chromate  (Alfa,  Catalyst  Grade) 
Copper  Chromite  (powder) 

Cobalt  Oxide  (CO^O^-Spinel ) 

Nickel  Ferrite  (NiFe^O^-Spi nel 
Ferric  Oxide  (Fe2  03) 

Cobalt  Shot  I 

Nickel  Shot  )  Metals 

Copper  (granulars)  1 


NOTE:  Powders  were  tested  on 
Carborundum  Catalyst 
Carrier  MMT  (1/8  in.  Mullite 
Cylinders)  by  roliing  and  screening 
to  remove  excess  powder. 


Remarks 

1  « 

High  pressure  drop  - 

Igni tes 

with  Pt  but  catalyst 

carrier 

deteriorates  -  addit 

ional  tests 

1  1 

High  pressure  drop  - 

i gni ter 

1  Low 

ignition  temp  - 

possible 

1  burnout.  (Above  should  be 

rei 

nves't  i  gjated) 

1 

1 

Good  ignition  -  sati 

sfactory 

Good  ignition  -  primary  standard 

No 

i  gn  1 1  i/on 

No 

ignition 

No 

ignition 

No 

ignition 

>  i 

Sli 

ght  activity 

/ 

/ 

No 

ignition 

/ 

j 

No 

ignition 

No 

ignition 

No 

ignition 

No 

ignition 

No 

ignition 

No 

ignition 

No 

ignition 

re-ignited  repeatedly  with  a  high  degree  of  reliability;  however,  it  did  not 
cause  complete  reaction  to  take  place.  The  degree  of  reaction  or  the  amount 
of  oxygen  left  in  the  exhaust  gas,  appeared  to  be  a  function  of  the  equilibrium 
temperature  at  which  the  catalyst  was  operated.  This  could  be  controlled  by 
the  method  used  for  cooling  the  tubes,  i.e.,  depth  and  type  of  insulation, 
radiation,  ram  air  flow,  etc.  It  is  probable  that  some  coking  takes  place 
over  the  platinum  catalyst  and  the  carbon  in  the  JP-4  is  not  completely  reacted 
with  the  oxygen  in  the  air. 

Other  platinum  catalysts  that  have  been  found  to  be  active/^are  the  Engel¬ 
hard  (0.5  percent  on  alumina,  sulfided)  and  the  Universal  Oil  Products  (OXA 
and  OXB)  catalysts.  (The  UOP  catalysts  are  coded  OX  I  and  0X2  by  UOP  but  were 
not  properly  defined  when  shipped,  so  arbitrary  letters  were  assigned.)  OXA 
(1.16  in.  pellets)  could  not  be  properly  evaluated  because  the  pellet  stze 
caused  excessive  pressure  drpp  and  very  little  flow  could  be  obtained. 

Except  for  platinum  and  palladium,  no  other  precious  metal  catalysts 
(i.e.,  rhodium,  ruthenium,  or  iridium)  yere  found  to  provide  catalytic  activity 
under  the-conditions  employed.  Girdler  T-I065  (palladium  and  chromia)  was 
active  but  its  activity  tended  to  decay  with  time.  Reduced  cobalt  (Girdler 
G-67RS  and  Girdler  G-6IR5)/  and  nickel  (Houdry^^per imental  nickel)  catalysts 
were  active  only  for  brief  periods  and  then  burned  out,  probably  by  oxidation 
\^f  the  cobalt  or  nickel  to  an  inactive  oxide  state. 

Metal  Oxide  Catalysts 

Catalysts  having  manganesl^,  copper,  or  silver  oxides  or  compounds  appeared 
to  be  active  although  such  actP.vity  was  often  erratic.  For  Code  A  (Ameri'oan 
Cyanamid)  catal/yst,  analyzed  as'  a  copper  compound.  Ignition  took  place  in  dif¬ 
ferent  tubes  a)E  different  locations  and,  ^wi thin  a  given  tube,  at  different 
times.  The  result  was  a  series  of  hot  spots  for  which  it  was  necessary  to 
supply  ram  air  for  cooling.  This  caused  the  remainder  of  the  tubes  to  be 
reduced  in  temperature  below  the, point  at  which  ignition  could  occur.  Faflure 
to  cool  the  hot  spots  caused  some  catalyst  carrier  pellents  (molecular  sieves) 
to  sinter  and  ^fuse'^gether ,  plugging  the  tube  and- necessitatifig  removal.  Tem¬ 
perature  rise  could  be  very  rapid  with  the  maximum  temperature' exceed! ng  2000°F 
in  one  instance  before  ram  air  cooling  could  bring  the  reaction  under  control. 
Figure  76  shows  the  vbriation  in  tube  tjemperatures  at  various  times  for  a  tube, 
packed  with  American  Cyananid  Code  A  c^dtalyst. 


I .  Act  iW  Catal  ysts 

■  -i.  \ 

In  addition  to  the  American  Cyanamid  Code  A  catalyst,  the  Grace  Grade  908 
(a  mixture  of  CuO  and  Mn02),  and  Harshaw  Catalysts  Mn-020IT  and  Ag-0I07E  were 
also  active  if  platinum  was  used  as  an  igniter.  Note  that  the  above  oxides 
(copper,  silver,  manganese)  are  those  used  in  Hopcalite,  a  catalyst  used  in  gas 
masks  for  the  low  temper-ature  oxidation  of  carbon  monoxide.  This  group  of 
active  catalysts,  all  having  related  chemical  compositions,  indicates  that  a 
combination  of  platinum  with  such  oxides  as  copper,  silver  and/or  manganese 
would  probably  provi|de  the  desired  combination  of  properties. 
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Some  additional  work  was  undertaken  with  Grade  908  (Giace  .  This  cata¬ 
lyst  would  ignite,  then  burn  out-,  but  cou-l d  be  re-ignited  by  briefly  blowing 
air  Over  the  catalyst  bd  'it  again  introducing  the  fuel/air  mixture.  It 
appears  tnal  the  catalyst  converts  to  an  inactive  state  as  catalysis  occurs 
but  that  this  state  ran  be  reactivated  by  subsequent  oxidation  in  an  air 
stif-i  .  Ip  trie  test  a  rube  containing  Grade  906  was  stabilized  with  a  plati- 
pu-  let  at  2-in.  int’ervals  and  performance  was  highly  satisfactory  for  a 
pei iod  o!  some  hours.  Unfortunately  this  test  could  not  be  repeated  when  a 
series  of  tubes  .■er'>  so  treated.  Tests  with  Grade  908  with  only  platinum  as 
ae  igniter  also  wce  not  satisfactory  since  the  catalyst  would  burn  out  leaving 
oniy  tfres  platinum  portion  igniter.  Modification  of  Grade  908 'might  result  in 
a  satisfactory  final  catalyst. 


American  Cyanamid  Code  A  Catalyst  Tests 


‘Code  A  (American  Cyanariid  and  platinum  mixtures  have  been  tested  t(.i 
ascertain  if  the  erratic  behavior  of  Code  A  can  be  corrected.  It  appears  that 
the  chief  fault  with  Code  A  is  its  carrier.  The  catalyst  composition  appears 
to  be  suitable,  ii  augmented  with  platinumi  co  provide  a  final  catalyst  that 
would  incorporate  the  desired  properties. 


The  Code  A  catalyst  has  apparently  been  applied  to  a  porous  molecular 
sieve  structure.  It  is  possible  this  porosity  is  a  necessary  requirement  fon 
prooer  functioning  but  data  indicate  catalytic  activity  apparently  occurs  even 
utter  ihia  porosity  has  been  reduced  or  eliminated  by  prolonged  operation  at 
temperatures  in  excess  of  1500°F,  Thus  applying  the  catalyst  to  a  different 
Curlier,  i.e,.  1/8-in.  al  umi  na‘ pe  1  lets,  should  n->t  be  detrimental.  At  present 
the  catalyst  is  highly  concentrated  on  small  peilets  providing  a'high  pressure 
.c-  0  and  a  large  surface  area  for  rapid  reactionin  a  reduced  volume,  i.e.  all 
■"c  requirements  for  a  hot  spot  to  develop.  Dilution  of  the  catalyst  is 
. 'i-quired  if  the  heat  of  reaction  is  to  be  sp're^d  out  over  a  sufficient  surface 
"'i  controlled  lemovui.  By.  using  a  I'  .e  catalyst  carrier  wit’  less  catalytic 
•i  Mace  area  per  unit  volume,  such  dilution  is  automatic  and  all  of  the  tube 
1(0. -jil-  is  employed.  In'any  event  the  possibility  of  plugging  of  the  tubes’  by 
■\f.i.r,Kagc  and  sintering  such  as  presently  occurs  with  the  molecular  sieve  type 
.-■*  c'atalysl  carrier,  is  avoided.  •<  •  ^ 


various  mixtures  of  Code  A  with  platinum  have  been  tested.  Initially  . 

•. jbes  employing  a  A-iru  bed  of  platinum  pellets  ahead  of  an  8-in,  bed  of  Code 
A  were  used.  The  platinum  supplied  partial  reaction.  Ahot  spot  would  develop 
at  the  p 1  at i num-Code  A  i nter face ' that- wou 1 d  move  through  the  Code  A  bed  to  the 
en'o  of  Ihe’-tube  ancf  then  the  Code  A  catalyst  would  go  out  and  usually  cease 
tolsupoly  any  further  combustion.  Occasionally  the  catalyst  would  re-ignite 
and  repeat  the  process'  (as  shown  in  Figure  76  for  an  all-Code  A  packed  tube'.- 
Code  A  was  simi larly  tested  with  only  one  or  two  platinum  pellets  to  supply 
initial  ignition  but  essentially  the  same  results  were  obtained^,  i.e..  ignition 
would  oceftr  but  a  hot  .Spot  woulcj  move  down  the  bed  and  eventually  the  tube 
.voold  cease  to  support  reaction.  In  a  third  test  platinum  pellets  were  used 
at  ooprox imate I y  2-in.  intervals  through  the  Code  A  bed.  In  this  test,  a  Stable 
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Tables  26,  27,  28,  and  29  present  the  findings  of  gas  analyses  con¬ 
ducted  by  an  independent  testing  laboratory  on  gas  samples  of  two  types; 

2  samples  in  v;hich  the  catalyst  was  platipum  Tables  26  and  27  and  tvtoy 
samples  in  v/hicn  the  catalyst  was  Code  A  ^.Tables  28  and  29;.  The  data 
indicate  mat  the  fuel-air  reaction  v/ith  platinum  as  the  catalyst  is 


irvoinplete  v<ith  a  conversion  efficiency  of  about  70  percent.  With  Code  A, 
essentially  lOO  percent* convers inn  to  inert  is  obtained.  Thus,  the  inert 
gas  composition  with  Code  A  catalyst  is  almost  identical  tc- that  obtained 
by  theory — such  as  displayed  in  Figure  77. 


The  aci'.dity  of  tne  condensate  formed  in  the  regenerator  of  the  proposed"* 
inert  i  ng  sys.tem  will  determine  v;hat  materials  are  required  in  the  regenerator 
Addi t ional ly,' the  acidity  'will  provide  an  indication  of  the  probable  effect 
of  .introducing  tne  inert  gas  v/hich  will  still  contain  some  water  vapor 
and  some  sulphur  dioxide,  'nlo  the  fuel  tanks. 


Acidity  was  measured  by  condensing  the  catalytic  reactor  exhaust  gas 
moisture  at  two  different  temperatures.  The  first  condensate  was  obtained 
at  a  temperature  of  about  60°F  using  water  as  the  heat  sink.  The  exhaust 
flov;  was  then  passed  through  a  liquid  nitrogen  trap  that  removed  all  the 
remaining  moisture  from  the  gas  flow.  When  the  first  condenser  was  made 
of  copper,  the  moisture  obtained  from  both  the  high  and  low  temperature 
traps  had  a  pH  of  about  5-6,  equivalent  to’fhat  of  distilled  water.  However, 
the  color  of  the  condensate  bluish-green;  indicated  that  the  sulphur  dioxide 
was  orobabfry  reacting  with  the  copper  condenser  to  form  copper  sulphate. 

Whe'i  the  condenser  and  all  exhaust  line  materials  were  replaced  with  stain¬ 
less  'steel  components,  the  exhaust  gas  condensate  from  both  the  high  and 
lov/  temperature  tra^-s  had  a  pH  of  about  3.  Therefore,  it  can  be  concluded 
that  the  inerting  system  regenerator  and  all  gas  lines  must  be  made  of 
stainless  steel.-  Additionally,  it  appears  that  some  acidity  will  be  intro¬ 
duced  into  the  fuel  tanks  unless  some  special  scrubbing  provisions  are 
provided  for  removal  of  the  sulphur  dioxide. 

Although  the  test  fuel  used  in  the  catalytic  reactor  test  bed  had  a 
high  sulphur  content  0.15  percent  ,  the  lower  content  normally  obtained 
v.illnot  greatly  alter  the  acidity  of  the  condensate. 


Catalyst  Bed  Pressure  Drop 


The  catalyst  bed  pressure  drop  will  have  an  influence  on  the  overall 
inerting  system  performance  since  this  pressure  drop  reduces  the  pressure 
'-head  available  for  exp^sfon  through  the  cool  ing.  turbine.  Catalyst  bed 
pressure  drop  has  been  determined  by  measuring  the  pressure  drop  through- 
a  12  in.  length  of  catalyst  ^cylindrical  alumina  pelletSi  0.125  in.  diameter 

by  0.125  in.  long)  packed  in  a  typical  reactor  tube  ^stainless  steel, 

\ 
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TABLE  26 


PLATINUM  CATALYST  EXHAUST  CAS  ANALYSIS:  SAMPLE  I 

OATC  J-M.70  f/*  MTln  0.051  , 

CATAlfSt-  riMlnun  CSAt  PCC  515'  I 


itwerx 

Anal is 

HCL  P*ri.e''t 

Cqui valant 
f/A 
•at  lo 

^arcant 
ftaact ion 

Awnarkt  ^ 

Wat 

Dry 

\  t 

0.92 

at  h 

0.0320 

35 : 

Theoretical  "Dry'  analytic  i»  66.03 
percent  for  >00  parcaf^  reaction 

Analysis  ift  c6n»istant  with  high 
raiiduat  0|  content. 

1  imri  I. 

N>tru9en  I  1 

•0.37 

9  90 

9  93 

0.0363 

65  i 

Thaoraticel  of  3  2  percent.  O^  natcr 
indicated  9  2  percent  during  run 

C«rbon  UiOJiid* 

ft  ?  39 

0  13 

0  0373 

63 

Theoretical  of  12  7  percent  Aivilvii4 
•6  coAfti»tent  Mith  high  retidual  Oy 
content 

Cppf'tri'i  Ho'VjJiidC 

/ 

'  3  .4 

mAler. 

0  Zt 

0  00 

- 

- 

water  vapor  should  "lorc  nearly 
approMinata  2  6  pe^rcent  it  saturated 

Sulfur  0>u«<d« 

0  OC 

0  00 

- 

N. ! r iL  0« id* 

6f  PP> 

•- 

- 

• 

*f ‘ un% 

'  a-5  CKAtefMfn  w  ^  lO 

0  2i  HCL  percent  hydrocarbon  corresponds 
lo  0  40  Mt  percent  M  W.  of  eahaust  gas  < 
29.79  or  a  residual  f  A  ratio  of  0:004 
indicating  7  percent  unburned  and 
uncondensed  hydrocerbonv  m  the  exhaust 

H^drocartHins 

44  Sutar^e’M  •  bB.  ‘  2 

Mc'hartc  M  W  (Ov^ 

£*har«  M.4  30.07 

• 

Total 

99  99 
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TABLE  27 

PLATINUM  CATALYST  EXlfAUST  GAS  ANALYSIS:  SAMPLE  5 

:ATt  /7-J4W0  f  A  AAtlo  0  050 
£ATAlf$T  Olatioo-  tSPi  PCC  515 
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React  ion 
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p*r<jQn 
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70 
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69 
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7  27 
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67 
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-■ 
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0.00 

- 
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**/drocarbons 
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0.03 

0.18  NCL  percent  h>drocarbon  corresponds 
to  0  33  wt  Dcrcent  Hu  of  exhaust  nav.  = 

2V  74  theory  or  a  res  dual  F  A  ratio  of 
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uncondensed  hydrocarbons  .n  ‘he  exh»..st 
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as  Butane^.y.  16.04 

0  13 

*StT  tt  w  16.04 

- 

Ethane  M.w  30.07 

-- 

Total 

99  99 

TABLE  28 


CODE  A  CATALYST  EXHAUST  GAS  ANALYSIS:  SAM^E  I 


OAH  IO-29-7Q  f/A  BATIO  O.OiC 

catalyst-  Cfid*  A  wit**  A«lt^t  at  t  Ift.  IntarwaU 
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mm 
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•  r'»o  >  Oumd* 

m 
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Trteoret  <\.e  1  Ji ,,  «'^el.sls  >%  >0  9  percent 
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C 

L- 
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L 

0  1  **Cl  percent  **»drotar*>on%  corresponds 
•y  0  OeTS  i»»  pe'C«n»  h  ^  «*'*-s* 

«4S  .s  29'  74  *neor>  or  «  res  duet  f  A 
ra:  ij  *pprc>«  ir«t  <  re  0  00C9  met  et  ir 

2  percer*!  v^tt-rned  end  wncO'>densed 

•  Iruidfbo' s 

3S  •*  ^ 

Si-  2 

J 

*•  •• 

It  J* 

n,dr«.<att.jns  .n  -  erraL.st 

f  '  i-K-  M  « 

_J 

Ty,  dl 
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E 

[  "  TABLE  29 


CODE  A  CATALYST  EXHAUST  GAS  ANALYSIS:  SAMPLE  2 

lAir  f  A  RATic  yt>o 

f  wt-  PtAt  "'o*-' f«l  let  «t  2  n  If'teft'Als 


1 

s*  •  .ert 

jnQBli 

(^uivelent 
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Percent 
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■BPEH 

-  .  -n  1  • 
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01  06 
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60 

Tneoret  ual  dry  enetvsis  is  85  5  percent 
lo«r  rnert  anaTysis  offset  by  n.gn  CD; 
content 

;  i  1“ 

79  96 

5  69 

5  69 

0  05C 
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Corresponds  to  Oj  fseter  dur.no 

•  ^  '  c  ■ 

sm 

15  16 

0  060 

•20 

Theoretical  dry  anal.s*s  'S  lO  9  percent 
See  low  inert  enatyS'S 

J  t  ,  My-*  t«  ,  Jf 

iSI 

•d  c  r 

7^^ 

0  00 

0  00 

-• 

- 

Absence  o*  water  vapor  canny*  e«pie«ned 

.  J '  -'.r  U  -c-*  de 

0  00 

0  00 

- 

• 

S  r  '  r  r  C  .  •  1  Je  V 

69  pp» 

> 

-  «  '  >f  a  r '  r-  s 
•  3.,*e  »  -ft. 4  -  56. 10 

0  01 

0  *  hOl  percent  hydrocarbons  corresponds 
ty  0.0075  wt  percent  R  w  of  cehaust  sas 
:  29  76  theory  or  a  residual  f  A  rat .© 
approa»"iat  mq  0  0009  indnatm,  2  percent 
unburned  a-d  oncondensed  nvdrocarycmv  n 
the  erhausi 

•  V  0y*  a  58  12 

0  Oi 

Mr*  'arn-  t*  W  16.04' 

0  07 

f*^ane  *r  w  30. OT’ 

o 

o 

Total 

99  99 

0.25  in.  00^  0.010  in.  wall).  Figure  78  shows  the  corrected  pressure  loss 
as  a  function  of  the  flow  through  the  tube.  From  these  data,  the  Z  factor 
for  the  tube  is  about  1000 'psi  per  )lb/min)^,  where  Z  is  equal  to  corrected 
pressure  drop  icLP)  divided  by  the  square  of  the  flow  rate. 
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Figure  78.  Catalyst  Pressure  Drop  Data 

Cone  I  us  ions  ^ 

I 

The  catalyst  studies  have  resulted  in  the  following  conclusions: 

o  Ignition  can  be  obtained  with  inlet  temperatures  between  400  to 
450°F  using  a  platinum  catalyst  as  an  igniter 

•  The  low  reaction  efficiency  obtained  with  platinum  necessitates 
that  it  be  combined  with  another  catalyst  to  obtain  satisfactory 
performance 


TEMPERATURE 


*  A  mixture  of  American  Cyanamid  Code  A  catalyst  and  platinum 
appears  satisfactory  for  the  inerting  system  application; 
particularly  if  the  Code  A  catalyst  is  coated  onto  alumina 
pellets  instead  of  molecular  sieve 

HEAT  TRANSFER  STUDIES 

Initial  S'.udies 


Prior  to  selection  of  the  recommended  Code  A/platinum  catafyst  mixture, 
heat  transfer  studies  with  tubes  filled  only  with  Code  A  catalyst  and  tubes 
filled  only  with  platinum  were  performed.  Table  30  summarizes  these  tests 
and  Figure  79  shows  typical  steady-state  temperature  distributions  along 
the  reactor  tubing  for  a  tube  packed  with  platinum  catalyst.  The  data 


DISTANCE  ALONG  CATALYST  TUBE.  INCHES  S-60206 

figure  79.  Catalytic  Reactor  Tube  Temperature  Profiles 
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TABLE  30 


INERT  GAS  CATALYTIC  REACTOR  TEST  DATA  SUMMARY 
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consistently  indicate  th^t  the  maximum  tube  temperature  occurs  in  the  ^ 
initial  tubing  portion.  Thus;  the  bulk  of  the  reaction  is  isolated  to  a 
small  fraction  of  the  catalyst  bed  only.  There  are  a  number  of  possible 
explanations  for  this;  however,  the  most  likely  is  that  once  reaction  is 
initiated  and  the  ‘temperature  exceeds  the  fuel  autoignition  temperature, 
the  reaction  continues  to  complet'on.  That  is,  at  a  sufficiently  high 
temperature,  the  catalyst  is  no  longer  promoting  the  reaction;  it  is  self- 
sustaining.  The  autoignition  temperature  for  JP-4  is  in  the  vicinity  of 
750°F  and  the  measured  temperatures  at  the  point  of  maximum  heat  release' 
.always  exceed  i^his  temperature. 

The  bulk  of  the  testing. tabulated  in  Table  26  was  performed  with  the 
catalyst  bed  exhausting  at  ambient  pressure.  Under  this  condition  the 
reaction  showed  .marked  instability  with  a  tendency  to  move  within  the 
catalyst  bed.  Increasing  the  reactor  operating  pressure  provides  smoother 
catalysis  and' a  lessened  bed  pressure  drop.  In  the  intended  application, 
the  catalyst  bed  will  operate  at  pressures  in  excess  of  2  atm,  where 
catalysis  is  relatively  stable. 

It  becomes  apparent  that  some  means  of'  lowering  the  catalyst  activity 
so  that  the  reaction  is  more  evenly  distributed  over  the  entire  bed  is 
essential.  Consequently,  the  later  studies  were  oriented  towards  investi¬ 
gation  of  catalyst  mixtures  that  would  still  provide  a  high  efficier.cy, 
but  that  would  also  evenly  distribute  the  reaction'^ 


The  recommended  catalyst  concept  'is  American  Cyanamid  Code  A  catalyst  ' 
coated  on  0.125  in.  alumina  pel  lets  with  either  uncoated  pellets  or  pellets 
coated  with  platinum  intersperced  in  the  Code  A  pellets.  Additionally, 

2  or  3  platinum  catalyst  pel fetsi  should  be  located  in  the  Initial  portion 
of  the  catalyst -bed  to  insure  ignition.  Figure  80  shows  the  variation- 
of  tube  temperature  along  the  tube  length  for  such  a  catalyst  bed.  The 
data  were  obtained  without  using  any  cooling  airflow  across  the  tubes  since 
such  a  flow  caused  ignition  instabilities,  part  icul.prly  in  the  leading  tubes 
which  received  the  cooling  flow  at  the  lowes.t  temperatures  and  had  the 
smallest  amount  of  radiation  from  the  remaining  tubes)  and  the  trailing 
tubes  (which  had  only  a  small  amount  of  radiation).  Thus,  it  appears  that 
the  reactor  should  be  designed  so  that  the  tube  portion  in  which  the 
react  ion  *is  occurring  is  cooled  with  relatively  warm  air,  such  as  would 
occur  in  a  parallel  counterflqw  heat  exchanger. 


’  Examination  of  the  cdtalyst , after  several  hours  of  testing  indicated 
considerable  shrinkage  of  the  iholecular  sieve  carrier.  Measurement  of 
individual  pellets  indicated  a  reduction  in  diameter  of  about  20  percent. 
Measurement  of  the  overall  bed  showed  up  to  30^  percent  reduction  in  bed 
length.  Tests  with  other  catalysts  on  alumina  pellets  showed  no  shrinkage; 
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Air  Fxjrce  Aero  Propulsion  Laboratory 
Wright-Patterson  AFB,  Ohio  45433 
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The  Aircraft  Fuel  Tank  Inerting  Program  has  compared  inerting  system  concepts  and  per¬ 
formed  a  preliminary  design  of  the  .preferred  inert  gas  generator  (IGG*)  system  for  the 
B-l  aircraft.  Inerting  system  specifications  have  been  developed  for  the  B-l  and'F-15 
aircraft.  The  preliminary  design  activity  has  been  supported  by  catalyst  and  catalytic 
reactor  laboratory  testing.  With  the  exception  of  the  catalytic  reactor,  the  inerting 
system  components  are  state  of  the  art  and  similar  in  design  and  function  to  aircraft 
environmental  control  system  (ECS)  components.  The  program  compared  the  IGG  inerting 
concept  with  the  liqujd  nitrogen  inerting  method  of  providing  inert  gas  to  the  fuel 
tanks.  The  IGG  concept  appears  to  offer  both  weight  and  operational  advantaged  (by 
eliminating  the  requirement  for  supply  of  cryogenic  nitrogen).  It  uses  aircraft 
engine  fuel  and  bleed  air  as  the  inert  gas  source  by  catalytic  reaction  to  remove, t.he 
oxygen  from  the  bleed  air.  Ram  air  and  fuel  are  used  as  heat  sinks  for .inert  gas  cool¬ 
ing  and  moisture  removal.  ‘Low  temperature  moisture  removal  is  provided  by  a  coolinc 
turbine  (similar  to  those  used  far  aircraft  environmental  control)  to  reduce  the  'vi.  j- 
tijre  content  to  levels  below  those  obtained  in  service  with  fuel  tanks  ''ented  to 
ambience.  (U)  ‘  ^ 

Each  transmittal  of  this  abstrAct ^outside  the  Deoartment  of  Defense  must  have  prior 
approval  of  the  Air  Force  Aero  Propulsion  Laboratory  (AFAPL/SFH),  Wright  Patterson 
AFB,  Ohio  454M.  ■ 
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Aircraft  Fuel  Tank  Inerting 
Catalytic  Reactor 
Air-Cycle  Refrigeration  Systen 
Liquid  Nitrogen  Inerting  System 
Inert  Gas  Generator  Inerting  System 


UNCLASSIFIED 
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